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l. ABSTRACT

Oxide dispersion strengthening of a Cr-4g_Mo alloy was investigated

using ball milled blends of either elemental or prealloyed metal powders

and MgO, Y203, or ThO 2 powders. These blends were contaminated by both

oxygen and carbon during milling. To reduce the amount of contamination,

carbothermlc and hydrogen cleaning processes were developed. Program goals

of < 1.5 mlcron interparticle spacing (IPS) and < .l micron oxide particle

size (P_ S.) wlth good thermal stability of denslfied material could not

be achieved in compacts produced from submIcron blends. However, hot-rolled

compacts produced from coarse flake (50% < 2_ flake thickness) prealloyed

Cr powder had a stable dispersion wlth IPS = 1.0 micron, PS = .07 micron,

thereby meeting the goals. Although this material had excellent hot tensile

strength, it had a high duc_ile-to-brlttle transition temperature and

low creep strength. It is speculated that further thermo-mechanlcal processing

work could lead to improvements in mechanical properties.

-1-



. S_t_L_Y

Ball milled blends of Cr-Mo alloys with MgO, Y203 or ThO 2 were used in

the investigation of a powder metallurgy process for the production of

oxide dispersion strengthened Cr alloys. In an attempt to achieve

particle size (PS) and interparticle spacings (IPS) goals of .1 and 1.5

microns, respectively, submicron blends (99% _ .5_) elemental metal/

oxide powders were produced by ball milling at -50°F in toluene. When

densified this submieron blend yielded a fine dispersion which was

highly unstable during subsequent thermal exposures. In addition, the

microstructure contained tramp oxides and carbides which resulted from

carbon contamination during ball milling and from oxygen impurities

in the impure, fine Cr starting powders. A carbothermic cleaning

process was developed to reauce these impurities, but the severe

(2200°F - 2400°F) exposure associated with carbothermlc cleaning caused

dispersoid agglomeration thus precluding achievement of PS, IPS goals

in the densified product. Further, this agglomeration rendered the

alloys from submicron blends unworkable and yielded as-compacted

alloys with poor high temperature strength.

In an effort to eliminate the high temperature cleaning step associated

with oxygen removal, coarse high purity prealloyed starting powders were

ball milled to 99% _ lu. The resulting blend was then subjected to a

low temperature H2 cleaning processed developed for removal of carbon

picked up during ball milling. A detailed kinetic study of this cleaning

process indicated that purity goals of _ 100 ppm each of carbon, oxygen,

and hydrogen were not achievable in such a fine blend.

Further relaxation in blend size to thick flakes (50%" 2LL) was made in

order to ease contamination/cleaning problems. Compacts produced from

such coarse prealloyed ball milled flakes exhibited the most promising

properties of the alloys investigated. Sheet material produced fro,n

Cr-4Mo-.15(La+Y)-4_/oThO2 had an oxide PS and IPS of .07 and t.O_:

respectively. This alloy had goal thermal stability :tIld exceptionally

high tensile: properties (at temperatures as high _ts 2_00°F), a

-2-
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ductile-to-brittle transition temperature (/:_---__T) of 900°F and sho_ed

a stro',g strain rate sensitivity. Although th_ dispersion in this

alloy nearly met program goals, complete aehlevement of these goals

(whleh included a maximum PS of .2_) was prevented by the presence
4

of large Cr203 particles.

-3-
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3 . IN q_'l{OlYO(:TI.()N

ChrolliJ.w11 possesses -3c2vt:,ral valtlat)tc ili{__il--lt'lll[)(.'l'_tLtlF__' ;tI_;['I})LILcs whic']l

!lHtk(? iL iL pl'(_iltJ, sJ.ng candidate [4 ,' apt_i i _Lic;_,-, t_', a(tvaac¢.d l, ur|_)-l_lacilll_cry

',vStOlaS, J llC].Mdillg tl.lt'!_illc l.)LltI.:c'Cs_ _ v :L_::-,_ ;tlld ltozzlc t?_tt'Li t Lull.-; l 11 LllP-

12"oal.hillg cllgtllCH. Tile cNce[/t'il[ l_ii;i. , I_ii)cra.(tlrc, strclla',th ( i ) , _)xtd,lLlon

t'oslstalTCO and InodLl:ttts to (lcnslty ratit, ,.)f C:_' _s offset at t)rcsc'nt by

p()or l()w-LempetaLtlro ductilit.._ and by p_)()r n.Lt['idati,Hl r(x>;l_Lall(:(? at; Le[I1-

t)eraturcsabove 2090°F. Clark (:) ha_ F(pi)l'kt_'d pt(,_4rcs_ 111 LtH_: [II,t)F()VChlCilL

(,f" nitridation rcsisLance, but ii: co_]v(,(_i_tolla'.k[v i)l,,cc:s_c(l it[ 1,_._.;, i_J__,h

,l:ictllc-.t()-bri ttlc I.I'3IlsIL1oI_ 1(!I_t:_.21J-IU. it: (Df_r_'f) I('IP,;|: t;5 J. t:t'U[)[(.:Ili. [E

tt_(>sc atloys with the be._t hot st:olaf;tits, OBTT ill (hi2 (C!IlsJ£(_ll [('_-JI £%

aimve 400°F. I*'arther_ in ork to dai_,, at dvcrca,-;v _ !}B'['T_ u.,ua[13

accomp[i._he.d al; tho cXpOll_C, of hi_J_-toi_q)craltlrc p)-()t)_-l'l, tP_;. It 1:4 ll('_'_

thai. powder _i{'tal]_ur{_:y wi_l[ hot)c, fullv !ilL,k(? zt.< <:onLr_l:uLi{m_ _vitl_ 1'..:i-

[)_ ovcd high-{,21Et)¢'l'dLul't _ .qlgl'('llU,(Jl Ft:/('II( I_(H1 ;.tllti l/_FC()',iii)Jlly£ll_; (}t'[)F_:%.%C(]

1)!:1"f'.

W_rl{ in t,'e-base aJ_£oys bs, ilahn :_:d i((_st, ll[lcl.d' ilkt_ t_w_ ti_a[ tt__,

(h_ctilc-tu-br_ttlc behavior c,l <)xict_ (l_:-;pcrsL{>n-btrt'_:.;th_.'ntd _:_:_t,'t'_al.-_

i5 ilUpF()ved (hl_ tc) Lilt ilt[[llCll_'c of t ;,.l,'ly (ti:4|)cY_.(l ,_,i(t,.'>, ,,!1 ,Y,t(:k

i,| (_[)[/g;tti(lll. 'File £1I[[LICIICC u| stt(:h ,_1 -,!_cr._ t, 1l>, (_I_ l)(_th t(,\b-Lt'l::i_t. Falu]('

.qgl'onGt.|l aIld t'(_.'t/211tioll of till_' qt/CIl_;[[l Lt) hi!ill IH)III()[_)_tH|'-; ItI',IIH'I,II_I.IFk'_-,

[_4 I ()l_ Q()l.ll'S(.'_ W/2ILI doctlillCIll. Cd I' ' AI CJl_)ktr2,}i ;lit I'[i,,ill >.1 i¢' -.t_ll(l _'y; Ul

tileHe alloy .bs'stenlS h_I.VC' b(2c_II Illlab[',' [_; LII'I'i_V,' irk ;[ LIIILtlIIII:,)tI.{ ;I i'('(21[ICIl[

(_[ tilC t_XU, CL >iLI'(:II_,[IIuIIil)/_ lll('k:t_dili :)i,l t)_' tlI¢'CllklILI :.,:_. _ i ilt' ]LII,, I'1. ,,'.,I Vdl'£-

at)l('b have [),.'Cll (tc'| li1Ci.ltud. 'l'ht_,5c, l l_(ld(t('l ilatl,)ll_', i,;,tll}_ ,_ ,l.l.]ll_ ()xl,d('

[);ll'I,i(.'l(' :,tz{ u.Ild ll]t,'l'|);tlgic'lt. ,,i);t_ ,1i_,,, Glllt ii :_it, £_ 11-; li1;1.11 ,1, :.l.llti

I .,_),_1 Ft) HI)C('t tV(_'ly . (}l'd. lll sl/_. ill :,'.,ill ;i]_[_)_., v:lrJ__._ _i_lt.l'_ 1,;,I ill

;_ll t:;t._'._ |la; a 511hilktl" t'l.()ll;',tlt.(t I!1, i,i;,,l(_.,, . Ill l)_,,II :-;:\1' . _:d "fl) I:<)

|!1(' l;!.l';'C _'_l';,ill('(l Ill;.I._t_l'[il[ hiI_[ IJH' I' ii uI"q.'t_ l_l'_'[l('l', I_"i :t!_ll ..;, ',_,t'(| ,l

|;IF_,t' lll_l'l'|l,,'liill}' 'l'_.llll :-4[ I'[1_'1111'1.' ,_' /1_) '_)[1!_ I,_ I11;11 11,111;{] }! r:, '_ '(] '_'

i,0{'_'1 Ill _11 _;,;_"._ Ih_' , ii1"_'. ; ;, i! |_,; .; ,I,tqt :i ;I l'_l/ !_i,'1, ,'IIH]

_)l'i ,'HI I l,)ll0



The objective of this program was to investigate powder metallurgy

techniques for producing oxide dispersion strengthened Cr-Mo alloys with

metallographic parameter goals of 1o5 microns IPS and 0.1 micron PS.

The basic approach was to ball mill mixtures of metal and oxide powders

for subsequent densificat2on and evaluation. Three different types of

blends were used in an effort to achieve the microstructural goals, as

follows: i) an elemental metal/oxlde blend in which particle size was

99% < .5_; 2) a prealloyed metal flake/oxlde blend in which the metal

flakes were 99% < i_ in thickness; and 3) a prealloyed metal flake/oxide

blend in which the flakes were 50_ < 2_ in thickness.

The powder blends were then densified by various procedures

including extrusion, hot isostatic pressing, and a hot pressing, Some of

the resulting compacts were further worked by hot rolling, swaging, or

drop forging. Finally the materials were evaluated microstructurally

and some property measurements were made of some of the materials.

-5-
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4_ PRODUC'flON OF A _LECitANICAL BIJEND OF SUBMICRON

METAL/OXIDE POWDERS BY BALL IvULLING

Dispersion strengthening of ailoy._ by [, _wder" metallurgy has been under

,ntcnsive investigation since the d, w::],_Dment of SAP type AI-AI_O a alloys in

:9 t6 _' ) More recent work has 1)eei_ ,'tim_:,i _t higher" tempert_ture materials,

e.g., Fansteel TD-Ni. Suceessfut _trength,_nLng of these alloys has been

associated with particle siz_,s in the range of O.01 to O.I microns and inter-

particle spacings (IPS) in the range of 2°0 micron:_ or less. Hence, in order

to pF(,duce dispersion strengthening in chcomium, target parameters have been

.... t.;,l)Iished which inc/ude: i) a d_:.p_:rsoid _:;ize ,,)f te_;:_ l'::tp. 0.1 microns,

/ " )
2.) :m IPS of tess th0.n 1.5 miccons. C'icmeu:_ '" devi:sed a general relat_on-

ship from which it may be shown that to _tttain IPS of 1o5 microns, spherical

starting laatrix and dispersoid powders must be used that have less than 0.5

microns and O.i microns diameters, respectively.

Previous studies in the Material ap.(l Pt'oces_._ Technology Laboratories

(MPTL) indicated that powders in the above particle size range were achiev-

able by low temperature (-50°F) ball nlilling. Interstitial cont_min_xtion was

to be avoided by use of complete glove box handling throughout the entire

proee._s. This process was, thereforc, applied to this pt'ogram.

4.1 STARTING MATERIALS

Elemental Matrix Powders -The chr_,mitnn and mulyb(lenu,a powders for

the elemental matrix powder _pptoacli in this p_'(_U'am were obtained [,'ore

Continental Ore Company0$ Both powdvt._ c_,ntain :'t.].ttiv('ly t,qLltaxecl I)articles

with a Fisht. r sub-sieve ._izt. of" 1o6 lllivr(>l]s. C)_¢_,,i(,:tl ;,n;xly_ls (>[ tile

chr'omium powder is shown in "I':_ble t. Th,' interf;titi:tl. (_,nt_,_t <_f the nlolybdenunl

powder, which way; 99.9270 put ty, i._ _;h,,wn in Tal)h, 2. The r_'activc c'lement

* Parent company is A(:it"rke:_ (it; (h,nncv_llh'c_, 119, Av L()ui_ lh,('hv Pm'i:s, France.
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add,_ioas of yttrium, thorium, and hafnium were procured in the form of

hydrides from Metal Hydrides, Incorporated° These -60 mesh powders were

received at a purity level of 98%, with oxygen as tLe major contaminant.

P_se91!0yed Po_ders - The starting powder for production of submicron

prealloyed matrix approach was to be obtained from Hoeganaes Sponge Iron

Company as _trgon atomized powders. After three unsuccessful attempts by

the vendor, process development at Hoeganaes for the atomization of these

powders was terminated. An alternate procedure was initiated at the Material

and Process Technology Laboratories (_4PTL) of General Electric Company. The

,zlternate procedure consisted of mechanical coraminution of induction melted

ingots of _ Cr-3Mo-0.25 each Y, Th, Hf alloy. These ingots were prepared

fron Union Carbide electrolytic flake chromium with molybdenum addition

obtained from the Lamp Metals and Components Department of General Electric

Company and the reactive metal additions in the form of hydrides from Metal

Hydrides, Incorporated. Melting was carried out in an yttria stabilized

zireonia crucible in a high purity argon atmosphere. Comminution of the

as-cast alloy was accomplished in three distinct stages; i) cold iorging,

2) pulverization, 3) ball mill comminution. Initially the ingot was cold

forged between tw<, molybdenum plates. Large pieces so obtzined were further

pulverized in a molybdenum mortar and pestle to -6 mesh material and this

material used as charge for the ball mills. A Cr-4Mo-.15 (La_Y) alloy was

also produced for a similar purpose. This high purity material was produced

by arc melting 80 gram buttons from iodide Cr and high purity Mo (Table 3).

These buttons were crushed to _60 mesh under argon in a mortar and pestle.

Dis_ersoid Powders - The magnesia used in this program was procured

from Matheson, Coleman and Bell Chemical Company with an 0.04 micron particle

size. Chemical analysis of MgO powder is recorded in Table 4. One micron

yttria was purchased from American Potash and Chemical Corporation with the

uT_.



chemical analysis shown in Ttlble 5. High purity (99.9%) thorium oxide powders

used with the elemental powder lai×tures were obtained from Research Labs,

Incorporated, Newtown_ Ohio. Tile ThO a used with the prealloyed powders was

()blained as a 50 A - 150 _. diameter sol fr,)m Thori. mn Limited°

4.2 EQUIPMENT AND PROCEDURE

One of the vacuum-tight ball mills u._ed in this program is pictured in

Figure I. The removable cover, which contains a s_aall vacuum valve, makes

v_,cuum-tight connection with the main body through the use of the large "O"

: _ _: seal. Each ball mill was initially Leak checked witl_ a hellmn mass spectre-

graI:h leak detector to insure vacuum tightness. In order to minimize powder

contamination due to wall and media wear, both were cons_;ructed of molybdenum

which is an alloying element in the final material, rendering such contamination

innocuous. Approximately 1500 grams of 3/8-inch, 5/8-1neh, and 7/B-inch diameter

,M(_,.-(}5Ti-O.08Zr renders, with a length-to-diameter ratio approximately one, were

used as attritors wilh the molybdenum-lined mill.

Ball milling was carried out at -50°F in the cold chamber shown in Figure

2. The main features of the chamber are: a) a cascade, Freon-Etnane compressor

_y_;tem capable of c_oling the 5 ft 3 chamber to --I20°F; b) three cylindrical

roils, with self-adjusting ball bearings lubricated with Ceneral El.critic F-85

silicone fluid; c) an external 3/4 horse power electric motor connected to the

center roller by a 1/2 inch dimueter rotating shaft through the chamber wail;

and d) a temperature indicator and controller.

All weighing of powders, charging, _md unloa(ling of t_he mLils was done

J0. lhe gl,)ve box in the presence of a heated tit mium gel tering strip. Weighing

was done on a torsion balance sensitive to _ 0.005 grams.

The charged, sealed mill was then _',mloved [_.om the glove box and connected

to a valving mani fold where it wa_ ev,'l(:u at .:d t<) :tppro_i,lately 3 X I0 -a torr,

-8-



and backfilled with approximately 250 cc of toluene and 15 psi argon.

Ball milling was carried out at -50"F at a speed of 86 rpm. Ball mill

temperature was measured with a copper.-constantan thermocouple positioned

at the center of the chamber near the ball mills.

f

!

|
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Powder Anal#si_s - The particle size analysis of submicron powders,

both the starting dispersoid powders and the milled mixtures employed

an electron microscopy technique based on particle diameter (rather than

surface area or volume.) Since the mixed powders contain particles

which vary w:dely in both size and density, segregation is a critical

problem and careful sampling procedures were used in selecting a random

sample for analysis. The sample was prepared for viewing and photographed

in the electron microscope. A Zeiss particle size analyzer was used to

determine the size distribution of particle diameters from the electron

micrograph. From particle size analyses the median particle diameter of

the as-received M_O powders was determined to be 0.09 microns (see Figure

3). Size distribution of prealloyed powders was conducted by B_F* analysis

which is a measure of surface area. Electron microscopy of this powder

was impossible because of the extremely large dimension of the flat flake

surface. The thickness measurement on the other hand _as too small for

accurate measurement by optical microscopy. The BET method, therefore, was

utilized _s the best alternative. Flake thic_less wa3 estimated fco.n BET

numbers, by assuming the particles were perfectly flat and by neglecting

their peripheral area.

4.3 BALL MILLING R_ LTS

Particle size distribution of the ball milled elemental powders

is illustrated as a function of ball milling time in Figure 4. Since the

goals for the submicron blend were stated as 99% less than 0.5 microns,

* Brun_uter Enunet Teller
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tile data from Figure 4 was replotted in l"i_,_lre 5 as percent of particles

smaller than 0,5 microns versus ball miliing time. The contca_: goal

of 99% smaller than 0.5 microns is seen to be attained after ap!)_'oximately

450 hours ball milling time. Powders produced by ball milling _he elemental

mixture at -50°F for 500 hours in t,,luene ar_, shown in Fi,.nare _ At a mag-

nification of 10,000 times, the powder had a slight flare topoIogy, as may

be seen by the transparency of many of the partxcles. 2he thicXness of

one of these flakes was estimated from the extinction fringes pict0red

in Figure 6B to be O.05u-

An attempt to achieve the submicron blend was :_ade using pro-

alloyed (Cr-3Mo-.25 ea (Hf, Th, Y) powders also. Ball milling of -6 mesh

prealloyed powders was carried out in the stone manner as the elemental

powders. The particle size of the prec.lloyed powder after 300 hours and 540

hours is _hown in Figures 7A and 7B respectively. In order to rem,)ve

the coarse particles seen in Figure 7B , the powders wert, screened after

500 hours ball milling time and the -325 mesh material re'charged for

additional ball milling. The powders _.n Figure 7C have a total ef 980

hours milling tin_, 480 hours of which were logged after the above screening

operation. Although it may be seen in Figure 7C that a large percentage

of the flakes have thicknesses of les_ than one micron, the particle size

goal of 99% < .5_ could not be -achieved in these powders in a reasonable

length of time (1000 hrs). Surface az'ea of a Cr-4Mo-.15 (La * Y) alloy

as a function of ball milling time is given in Figure g Tile powders

shown in this Figure were subsequently used in the.. flake al)Pr()ach in

which the particle size requirements were somewhat r(:laxe(t. Two separate

particle sizes wex-e; 1) 99% l_ss than l_ flake t:bick:_(2s_;, and 2) 50% tess

than 2_ flake tilic_ne:-is. Thvse ._{lzes were _cl_l(2vt,d ttftei' 741) :,i1(1 200 hours

(respectively) of ball milling time. A.,(:rage ,nolybd,_m_m cont_u_lxnatz¢_rate

in oxide-ft'ee sa_aples was 004}/hr ;tnd a(t('t 710 hour!s M¢) [)lck'll) [xnlot_nt,?d

to 2.9_o. In samples milled wi_:h 'rhO._ , Mo contamJ.n_,ti_.n _a..s 2.5'_o ;tft(?r 800

hour,_ milling (Average Rate .O03'Z, M() hr),

.-lO-
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Consideration of comminution mechanisms by metallography mld X-ray

diffraction indicates the grinding takes place mainly by cleavage in

coarse monocrystalline particles (> 20S) but as particle size decreases,

plastic flow becomes increasingly important. Thus, large angular equiaxed

particles transform during milling to fine plate-like flakes with large

diameter to thickness ratio (D/t) and with a strong deformation texture.

X-ray texture analysis indicates that the flat plate-like surface of the

flakes corresponds to [i00} and that the particles are heavily cold worked.

The strongest texturing was observed an samples which contained relatively

coarse flakes. As the flakes become thinner, they break up and tend towards

an equiaxed morphology. This results in loss of the parallel flake align-

ment in the samples used for X-ray analysls. This is shown quite clearly

in Table 6 which is a comparison ot peak intensities from the Cr flakes

with ASTM standard (randomly oriented) powders. Diffraction optics

associated with the diffractometer are such that if the planes of preferred

orientation are parallel to the face of the cold-pressed coin, diffracted

intensity from these planes is enhanced. In Table 6 it may be seen that

in the as-milled powders, the (200) refelctions are more intense than would

be exDected from completely random orientations. Texturing is maximum after

207 hours ball milling time where la00 Is 35.4 times as great as in the

randomly oriented ASTM powders. After 600 hours, however, this relative

ihtensity factor has dimished to only 3.6.

That the flake formation is indeed a result of slip rather than

cleava_e is clearly inaicated by extensive peak broadening observed in

the back reflection region of the X-raty diffraction spectra, lleavy cold

working in the as-milled powders br_)adened the (211) peak considerably and

K_t mid K,-,2 resolution was impossible. After annealing this sample at

2400°F/24 hrs/VAC, however, the peak sharpened considerably and the K_ 1 and

K_ lines were cl_:arly dlstinguishable.

I

I
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According to the texture analysis of Calnan and Clews (1)) defor-

mation textures which arise from compressive loading at low temperatures in

BCC metals are the [III), [i12} and _iO0}. Under compressive stresses large

enough to exceed the critical resolved sh_._ar _tress, each powder particle,

therefore, plastically deforms and tile accompanying rotatlon of crystal-

lographic planes tends to create flake_ whose large surfaces are parallel

to the [iii}, [I12}, or [IO0] planes. External surface energy of the

individual flakes is also a function of orientation. Work by Bacigalupi

and Neustadter (II) has shown that the [ii0} orientation is the most

favorable surface energetically. This is not one of the favored texture

planes, however, and is, therefore, not observed experimentally in the

flake powders. On the other hand, the two common texture planes, [211_ and

[111} are energetically less favorable as external surfaces than the _100}.

The observed {100] flake texture, therefore, evidently arised from slip on

the (112} <111> system and is due to a combined influence o£ deformation

and surface energy effects.

Chemical analyses of as-milled powders consisted mainly of inter-

stJtial (C, O, H, H) and molybdenum determinations. Oxygen, hydrogen, and

nitrogen concentrations were determined l)y g:t:; fu:_i,)n analysis of powders

encapsulated in 5 ram diamete_ tin capsules which were loaded and sealed

in the glove box. An empty calibration capsule _,aq exposed to identical

procedures and analyzed with each set of specimt:n l o e_tablish the ba_e-

lille gas concentrations from handling procedures. Carl),_n content o[ the

loose powders was determined by conductomei, ric _maly_i_ ,)[ concel_.tratit, ns

less than 0.2% carbon. Above tt_is (uJncentr_tti,)n the anaty_i_ wa_ ,.:arried

,)ut gravimetrically. Result_ of thc_e analy;c_; arc. pl(_ttcd a_ a function

of ])all ,Tlilling time in Figure 9. The gel_eral tr(,nd (,f this data indicates

that carbon contamination is a direct fun(-ti()n ()f powder surface area.
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X-ray fluorescent analysis was used to determine molybdenum content

of powders. The calibration curve for this procedure was obtained using

stand_'ds of known molybdenum concentration prepared from the starting

powders. Molybdenum contamination from liner and rondel wear is shown

in Table 8 As may be seen, pickup was ralher unpredictable when viewed

in terms of ball milling time.

Powder handling procedures both before and after ball milling were

designed to provide an inert environment to the powders at all times.

After milling, toluene was removed from the ball mill by evacuation with

a mechanical vacuum pump. In order to increase the removal rate, heater

tape was wound on the outer d_ameter and the ball mill heated to 250°-300°F.

Toluene removed from the mill was collected in a liquid nitrogen cold trap

positioned between the ball mill and the pump. When the bnll mill pressure

reached 3 X 10 -2 tort, it was backfilled with argon and transferred to the

welding chamber for cleaning and encapsulation.

!
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5. REMOYAL OF INTFAiSTITIAL CONTAMINATION

FROM THE METAL/OXIDE BLEND

5.1 SOURCES OF CONTAMINATION

As-milled powders were contami_ted by interstitial elements

varying in amounts from 0.36 to 1.7%, This contaunination originates

from three main sources: i) powder production; if) ball milling; and

iii) powder handling. Elemental chromium powders purchased for this

investigation were produced by magnesiothermic reduction of Cr_O,_ and

contain 0.5% oxygen and 0.08% carbon "as-purchased." The above oxygen

contamination includes 0.25% MgO which is residual from the original

reduction process.

In addition to the impurities inherited from powder production,

additional impurities result from the -50°F ball milling treatment.

Adsorption of carbon from ACS grade toluene grinding fluid onto freshly

produced powder surfaces results in carbon contents as high as 0.7% after

milling. The final carbon content of the powder is a function of ball

millin_ time as was shown in Figure 9. Further oxygen contamil,ation

of the purchased powders during powder handling proccdure_ was very small.

5.2 CLEANING OF THE SUBMICRON BLEND

Since the major interstitial contaminants were oxygen and carbon,

the various cleaning investigations focusc'd on them. Initially, cleanin_

waq to be carried out with one element at a time. 'l'hi:4 :q)pro:_ch proved

to be unsuccessful_ however, and the final investigali()n involved re-

moval of both oxygen and carbon simultaneously.

Carbon contamination of these powder,_ is especially critical since

small amounts of carbon are very detrimental _) ductility. If present as
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carbides, the volume fraction precipitated may approach an amountequal
to 18.3 times weight fraction of carbon. Powders with 0.63 carbon and

5 _/_ oxide could therefore conceivably contain 16 _/o of hard particles
after compaction.

Inefficient removal of toluene after ball milling was considered as

a cause of contamination, but vacuum evaporation of the toluene in the

temperature range from 200° to 300°F does not improve the efficiency of

removal over that at room temperature. Replacement of toluene by another

organic liquid was also considered and an attempt was made to displace

the adsorbed toluene with a volatile liquid which could be more easily

removed. The procedure used was as follows: as-milled dry powder was

added £o a flask of the liquid under investigation, shaken well, and

allowed to settle. After decanting the liquid, the powders were dried

at room temperature by vacuum evaporation. The effect of this procedure,

used in conjunction _ h several different liquids, was not successful.

The results are repot" _d in terms of powder carbon content in Table 9.

HTdro_en Cleanin_ - Both carbon and Oe may be eliminated with

H_ treatment carried out under the proper conditions. The reactions

of interest here are:

C + 2I_ _ CH_

1/6 Cr_sC e + 2I_ -_ 23/6 Cr + CH 4

Cr O a + I_ _ 2Cr + 3I_0

(Equation i)

(Equation 2)

(Equation 3)

TI_e operating conditions where the fiee energy of reaction is negative

f,or Equations 1 and 2 are shown schematically in Figure i0. It may be seen

that Equation 2 requires very refined experimental procedures in terms of

hydrogen purity. In the temperature region of interest (1000°-2000°F), for

_;xa_uple, the PCHCP_I_ ratio must be less than i0 -6 to i0 -e respectively in

order for the free ener_4y o£ reaction to be negative.. Removal of carbon

a,.:cordinK to Equation [, on the other hand_ is much less demanding, expecially
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in the range from 800 ° to 1200°F. In this range, tile equilibrlmm

PCH4/PaH_ >> 1 and the reaction should progress quite readily even in

relatively impure hydrogen. The reduction of oxygen according to Equation

3 is well documented (12'13)and may be accomplished £n con_mercially pure

cylinder hydrogen over a relatively ,_ide range of temperatures. At 1800°F,

for example, the reaction is feasibly _f the dew point is less than -40°F.

According to the above analysis, the first step of the cleaning process

should be removal of adsorbed carbon at a low enough temperature to avoid

carbide formation. The temperature could then be increased in the second

step to implement the reduction of CreO_. The problem here is that the

operating conditions which give de-oxidation may cause carburization of tlle

powders if the hydrogen contains appreciable methane concentrations.

The hydrogen cleaning apparatus used in this study is shown schemati-

cally in Figure llA. The powders, which were loaded into the stainless

steel cleaning capsule in air, wele subjected to alternate hydrogen flow

(one hour) and vacuum (1/2 hour) cycles at 1800°F. A vacuum cycle was

used in an effort to aid removal of the reaction products from the inter-

stices between powder particles. Carbon content of po_ders subjected to

this cleaning procedure is given in Tab[el0. As illustrated by the increase

/I)
in carbon contents during cleaning rims I, 2, and 3, the Pclle / }£e ratio was

evidently too high in the hydrogen used. Whether tI1is results from small

amounts of impurities in the purchased (99.999% 1_) _as or from coptamina-

tion in the gas train is not known. In any case, the as-milled powders

were actually carburized during cle_mtng (._:tarting (:alq),)n 0.73%).

Since the elevated temperature exposure wa:_ nc(:cs._at'y for romov_ti of

oxygen, cad since no elaborate hydrogen purification apparatus was available

for the required removal of carbon-bearing impurities from the cleaning gas,

this technique was abandoned.

-16-
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Carbothermic Cleanin_ - The second technique investigated utilizes

the following reaction for interstitial cleaning:

3C + Cr 20_ _ 3C0 + 2Cr (Equation 4)

The equilibrium between carbon, 02, and chromium at elevated temperature

and reduced pressure can be described in more detail through the use of

the Pourb3ix-Ellingham diagram (i_) shown in Figure 12. The operating

conditions corresponding to equilibrium between various two-phase com-

binations are appropriately labeled on the diagrma; e.!_., if temperature

and pressure are regulated such that they lie above the upper line, the

equilibrium phases will be Cry03 and carbon. All carbides are metastable

in this region and would tend to decompose to gral;hite according to the

reaction CrxCy+ zO _ x/2 Cr_O_ + "'C. Likewise, if the operating conditions

(Pco, and temperature) are held in the region below the lower line, all

Cr:03 should be reduced according to Equation 4. The effective removal of

both carbon _id 02 is, therefore, a matter of adjusting the operating

conditions and the carbon content so that at the end of an isothermal

cleaning treatment, the original chromium, carbon, Cr203 mixture has tra-

versed the two phase fields from high Pco to low Pco and has arrived at

tl_e Jower line with only trace amounts of Cr203 and Cr_C_ remaining.

Cleaning was carried out initially in a I-1/2 inch ID, tantalum

wound resistance furnace which was operated inside a vacuum (i0 -_ tor)

glove box. All powder handling was carried out Jn this chamber. Loose,

as-milled powders were spread out in a thin layer on metal trays and

placed in the horizontal tube furnace for cleaning. These trays were

mad(: (,f either tantahun, zirconium, or titanium, each of which is sul

excellent "getter" for interstitials. The experimental variables in-

vcstig[ited were temperature, time, powder depth, and tray (getter) material.

Evaluation of the cleaning procedure was in terms of gas analysis of the

[()osc pow(Icrs. The powders were encapsulated under" helium in a small tin
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capsule which was transported to the vacuum fusion apparatus in a helium

filied glass capsule where it was analyzed for oxygen, hydrogen, and tli-

trogen. Carbon content of the powders was aeasured using air handling

procedures in conjunction with either gravim_xtcic or con¢t_mtometric

anal ysi s.

Starting material for this serie._ of experiments was a Cr-5 v/o MgO-

1.0Mo-0.25 Hi, Th, Y alloy which had been ball m1_ led at -50°F for 500

hours in toluene. In addition to the 2.6% MgO which was adc,d as di._-

persoid, the powder contained 0.25% MgO which was res?dual from the powder

production process. Total oxygen content prior to cl...,aning was 1.04% as

dispersoid, 0.10% (production MgO) and 0.46% as coDtanltnati .... The results

of this series of powder cleazling run._ is given in Table ii (numbers i0

th_.ough 16). Oxygen content in this Table is reported as the contamination

portion of the total oxygen concentration and was derived by subtracting

either 0.10% or 1.14% from the analyzed total oxyg2n content. The data

tabulated in numbers i0 through 16 of Table ll is also shown graphically

in Figures 13 and 14. Figure 13 demonstrates the effect of cleaning

temperature on carbon content with time and "getter" materials as para-

meters. A comparison of the efficiency of gettering materials in ai, ling

carbon removal made from this graph suggests that zirconium is the most

_fficient. Since zirconium has very poor high temperature strength,

later experiments were conducted in tantalum boats with strip,_

ef zirconium sheet mixed in with the powder. Oxygen content of these

same powders expressed as a function of cleaning temperature t_ given

in Fi_,mre 14. ExperimentaI diffictlltic_ intK, rcnt in autalyztng a loose

powder _nixture containing am oxide di._persoid is evidenced by the large

amount of scatter in these data. Cr,_dibility of the ()xyg(,m results wa.q

questioned still further when samples analyzed _;l'Lcr den._ification by

gas pressure bonding (numbers Ii and 15 [n Table Lt) exhibited higher

oxygen contents than did the loose po'sders. The high(_r ()xyg(?ll c()nt(xllt in

the compacted alloy could have resulted from powder handling durlqg
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denstficaLien, but the di3agi'eement could also be the result of dispersoid

segregation or poor sampli,ig of the loose powders. In an effort to re-

solve this dii'ficulty, aulalyt_cal techniques were unsuccessfully sought

which would differentiate between [1gO, Y203, and Cr O 3.

The above process was limited by the small ftLrnace size to 5-20 gram

samplts sizes. In an effort to increase the outpuL of the above furnace,

an attempt was made to convert the cleaning from a batch process co a

continuous process. Continuous cleaning was to be accomplished through

rise of a nloving tray. Dwell time in the furnace hot zone was regulated

!)y varying the speed of boat travel through the furnace. A line drawing

of the apparatus used for the investigation of this continuous cleaning

process i._" ._hown in Figure lIB. Initially, a fifteen inch long zirconium

tray was moved slowly through the furnace hot zone (2200°F) with a dwell

time of five minutes. Gas anal sis of loose powders from this investi-

gation indicated that ne_thercarbon nor oxygen was being removed. This

lack o" clem_ing was evidently the result of redeposition of both carbon

and oxygen in cold po_'tions of the furnace. A compromise between con-

tinuous and batch cleansing was then proposed in which several boats could

be cleaned without breaking the vacut_n. This semi-continuous method is

identical to batch cleaning except several short boats were connected so

thal when one was in the hot zone, the others were completely outside the

furn,_ce. When cleaning el one tray was completed, a mechanical feed-through

mecht_oi-'m _,,,_._ actuated to pull it out of the furnace and simultaneously

pu].l the _lext one into the hot zope. Chemical analysis of the powders

cleaned usil_g _i,:.s p_'ocedurc showed that while the powder from the second

boat was c:[e'll"_ed (200 ppm carhon), powder from the [irst boat was not

(1300 ppm c_lrl_on)_ Tills indicated that CO which was driven off the second

boat ,_as redeFosjted on the first despite the fact that it was outside the

furnace. Thi._i phenomenon is [urther confirmed by consulting the Pourbaix-
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Ellingham diagram of Figu_e 12 where the approximate operating conditions

in the hot zone and in the colder poi_tions of tile furnace are noted.

Equilibrium phases in the hot zone ar_.' Cre._C_ and chromium, while those

in the cold zone are Cr203 and carbon_ Carbon monoxide, therefore, trans-

ports carbon and oxygen from tile hot center to the cold portions of tile

furnace, and only a small aunount of ( [caning is acct;:nDlishcd. All subse-

quent cleaning was, therefore, done by a batch process.

One hundred gram quantities of powder which were cleaned in prepara-

tion for extrusion were exposed for cleaning in a stack of three 2-inch

X 5-inch tantalum boats with a 0.275-inch powder depth.

The foregoing results, obtained from chemical analysis of loose powders,

indicate that both carbon and oxygell may be substantially reduced by carbo-

thermic cleaning. Although analysis of loose powders indicated that the

oxygen content was quite low, the data contained large amounts of scatter.

High oxygen content of these same powders after compaction therefore raised

a question as to the efficiency of the process in reducing oxygen. In order

to answer this question, carbothermic cleaning was carried out on chromium

powders which contained no oxide dispersoids. Analytical errors resulting

from poor sampling of oxide dispe_'soids which were present in the powders

were thereb:¢ eliminated. This work is also reported in Table ll(1-5).

Starting material was the French chronlium powder which was [Lll[ milled

r= O

without dispersoid fo_" 465 hours at -o0 1'_ _n t(_luene. Carbon content of

the as-milled powder was exceptionally low with the vc_uit theft an insuf-

ficient quantity was available for stoidli()raetl-ie (;()mbtnation with the

0.403% oxygen present as contamination. The analyses indicate that after

a very rapid decarburization period, the t)ow(ter was actually oxldize(t. The

extent of this oxidation increased with increasing temperature. Carbon

content of the cleaned powders was _('r3, low in those cases where the powder
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was cleaned at temperatures greater than iSO0_F. Initial oxygen analysis

ind].cated tha*, oxygen was substantially t, educed at I600°F. Carbon analysis

of the sampJ_ cleaned at I600°F indicate_ only a small reduction of carbon,

%hereby ch_.llcnging the oxygen apaiy_:iso A recheck using powders which had

been exp,_ed to air showed only a min,,v reduction in ox} ._en which was in

close a_.,reement with the corresponding decrease of carbon. Powder cleaning

reported in Table Ii as nunlbe_s 6 +__rol}_ih 9 was conducted using the same

start Lng powders with an addition of high purity graphite. These results

are also shown graphically in Figure 14 v_nere they are compared with the

resalts of the previously cleaned Cr + MgO powder. As shown, a 2400°F/50 min

exposure of chromium graphite mixtdre:_ reduced the oxygen content to 130

Upm. Although the previous w,_rk _vith Cr + MgO indicates comple _e removal

of oxygen at a lower temperature than 2400°F in the same fifty _inute ex-

posure period, these results were obtained with powder depths of 0.05 inches

as compared to a deDth of 0.275 inches for the chromium-graphite mixture.

Gas anal_/ols of powders cleaned at 2400°F and subsequently exposed to air

i_d_cate that the product has sintered _-ufficiently that oxygen contamination

from air handling w_ts no longer a critical problera.

5.3 CI.E_kNING OF FLAKE SHAPED PRFALLOYED POWDERS

In the submicron blend discussed previously(_'2), interstitial contami-

nation originated from two sources: I) oxygen from the purchased powders;

and 2) carbon from the ball milling st£p. A cleaning process was developed

which was capable of the simul_aneous lemoval of both, but the hitch reaction

te,speratures required caused dispel'sold agglomeration. 'rhe cleaning tech-

nique disc_ssed in this section was designed to be used with a coarse ultra-

pure prealloyed powder. Ball !liilling of a coarse startin_ product to sub-

micron powders is more difficult than with the previotts line sta_ting "

powder's b_,t oxygen contamination should be minimized since the major source

_f oxygen ha q been removed. If further oxygen contamination of this powder

,:an be' aw)_dcd, cleaning may be aimed at removal o[ carbon alone.
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In the design of the experimental equtp_nent for removing carben from

the as-milled powders, several thermoayna.mlc, diffusi:m, and practical

factors were taken into consideration _t.'_d will now be discussed.

Therm0fl_namic Considerations

The form in which the carbon contaminant is present in the powders is

not known. It may be present as adsorbed carbon, in adsorbed carbon-hydrogen

complex or as carbides. It seems unlikely that Cr c_rbicies are present in

the as-milled powders since milling was done at -50°F_ It will be ahown

using thermodynamic arguments that if the carbor, is present as adsorbed

multilayers, removal by the methane reaction in a high-pressure hydrogen

cleaning system is quite feasible. If on the other hand, the carbon is

present initially as a Cr carbide, or if carbides form during cleaning,

purity requirements of the hydrogen cleaning environment are much more

demanding and probability o£ successful cleaning is greatly diminished,

In order to avoid carbide formation, cleaning conditions were sought which

would suppress the carbide reaction while enhancing the CH¢ reaction. Seve_

al reactions can occur upon heating carbon-contaminated Cr powders in a He

environment. Tbe various carbothermic reactions con:_idered here are shown

in Table 12 together with the free cne.-_y of reactt,)n for each as a function

of temperature. As can be seen in the Table, the free energies of the

various reactions in,,olving chromium increase negatively with /ncrea._ing

temperature. In contrast_ the reaction between earb(m _tll(i hydrogen tc form

methane is favored by decreasing tomperal.ure. Since the oh.j(,ctlve i_ to

remove carbon, hydrogen cleaning then ._nould be done _tt _ low a tcmp,'rature

as practical.

From inspection of the _2qtlatio_l_ ._howt_ in Table [2 _,nd ('_)n_ideration

of LeChate]ier's principle_ it can be ,_een th_,t an incrc:ise in th(" ilydr,)_._en

presst)re wi!l ten(1 to make reaction 1 l)v<)cced t(, t],t, ri_t)t and rcaction:_
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IIl, V, and VII, which involve chromium and methane, proceed to the left.

However, changes in pressure will have n= effect on the direct reaction

between _arbon and chromium (reactions If, IV, and VI).

Since the reactions involving gases (I, III, V, and VII) are the

reactions necessary to achieve cleaning, a more detailed inspection is in

order. If the reactions considered proceed under standard conditions, the

equilibrium partial pressure of PCH4 and PI_ may be obtained from knowledge

of the standard free energies of reaction according to,

AF* = -RT In K

where K = PCH 4

(p_) 2

If, however, the reaction is forced away from standard conditions by

artificially applying a constant high pressure of hydrogen, the applicable

equation is,

AFR = _F ° + in q

where Q = PCH4

P

This quantity, Q, is not the equilibrium constant K but is a ratio of

the new partial pressures observed as a result of the artificial application

of P_ to the system. If the reaction proceeds to eqLlilibrium under the

application of contant PH
pressure,

AF R 0 _. i_'" _ RT In P"
Cli 4
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and PCH_ may be calculated using the known values of and _.o(1:) .

Application of this equation to the reactions of interest may be done

p

for varying temperature and PH_ and the corresponding P'CH 4 calculated.

This was done for reactions ! and III and the ,esulting PCH4 values are

plotted in Figure 10 as a functien of T with P_ as a parameter. Values

of PCH 4 in excess of that shown by tile appropriate lines on the diagram

quench the cleaning reations and the equations shown proceed to the left

recontaminating the powders. If PH is maintained constant at the values

shown and if the methane pressure formed during cleaning is less than

that shown by the a_propriate line, the reaction is spontaneous and cleaning

is possible. Here it can be seen that there is a strong pressure effect

and corroborates the previous statement that an increase in the system

pressure (which in the present experimental program can be shown to be

almost entirely due to hydrogen) increases the equilibrium methane pressure

and favors the formation of methane by all of the reactions involving gases.

If carbon i.; present as an adsorbed layer, the equilibrium partial pressure

of CHa in I _Jtmosphere of hydrogen is 70 atmospheres at 800°F. At l0 atmo_

pheres hyd,ogen pressure and the same temperature, PCt{4 is 2500 atmospheres.

Removal of adsorbed carbon is, therefore, favored by low temperatures and

elevated hydrogen pressures.

Diffusion Considerations

If the carbon contamination is a_sumed t(, (:()i_ist ,)f :m adsorbed layur,

then it is exp_}se(I Ix)th to the hy(l,',}g,,n ga._ and thq' (:h r(,ml tun nmtal. Itea('ti(m

with the former involves gaseous (li fftlsl()n_ whl_l'e;L_ rt, acti<)n with chromium

requires solid-state difftiSiOll. At l()w tumperati_r('_, it ._cem._ likely th-tt

gaseous diffusion wxll predominate and that the: ._olid-statc diffusion react it,n

would be negligible, thus enhancing carbon removal.
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Practical Considerations

There are two general methods which could be used for removing the

carbon with hydrogen, a dynamic or flowing system and a static system.

The advantages and disadvantages o£ each as applied to this process were

considered and a discussion of the more important factors follows. The

important requirements of the task to be performed awe:

3)

Removal of carbon from loose or cold-pressed Cr powders

by gaseous reaction with _ (cleaning goal = lO0 ppm).

Accomplish this in such a way as to avoid carbide for-

mation (low temperature, high hydrogen pressure).

Maintain a low oxygen environment which will not oxidize

the Cr powders. (goal = I00 pom _ in excess of Th02)

Avoid mechanica/ or thermal disturbances which would

destroy the initial "blend" of oxide _nd metal powders.

Thermodynamic considerations of task 1 were discussed previously and

indicated that cleaning of adsorbed carbon is favored by high hydrogen

pressures and low cleaniag temperatures. Such operating conditions are

most easily accomplished in a static system. Kinetic consideration of

the CH 4 reaction shows that even in the above case of adsorbed carbon for

example, removal of reaction products may be a problem i,i spite of the

[act that equilibrium Cll4 pressure is considerably _reatur tharl _hc applied

{_ prrssure. Here, it is a case of replenishing the de.pitted supply ol

react,;d f_ ill the p,)wder v,,ids wi,ich may Limit the reactt,,n rate. I,'l

'.L(Idi;L,)n to [lust l,)._ses and/or flow-cunneuted 5,'Zctg_LtiOll (,f t|l(' ultl'a-

I'iU(' "l'h(_ , aI_other potential pl'obl_,m [n a flow syxlem is uxLd,,: L()n (Jl the

r(act _v(' at t(,yiug eleme,r*ts b) tract _i,llOUlltsof OXV_,LII pl'<'s{llL _i, ,'VC:I high



purity hydrogen. The partial pressuze of oxygen in equilibrium with

Cr203 at IO00°F for example is 10 -40 atmospheres. This is _ number

which is well beyond even the purest of bottled hydrogen for example,

nnd ii_ a flowing system even trace amounts would be critical because a

constant oxygen supply would be maintained by the continuing flow of

hydrogen. Stein (is) de,:eloped a hydrogen cleaning system for Fe in

which he overcame this problem by using a closed loop in which the H

was regenerated in a gettering chamber and then recirculated for

cleaning. His normal procedure was to circulate hydrogen through the

gettering chamber for extended periods of time in order to remove all

traces of contamination originating from the equipment itself and the

original charge of hydrogen. After this was completed, he heated the

sample to temperature for cleaning while continuing the recirculation

of gettered hydrogen. A modified version of this technique in which

gettering could be accomplished at high pressure was incorporated into

the design of the present static system, which is shown schematically

in Figure 15. Major components of the closed system are two independently

heated, hot-walled pressure vessels and an interconnecting high-pressure

gas train. Metal-to-metal seals were used in both vessels to avoid out-

gassing problems normally associated with "O" ring closures. All con-

nections in tile gas train were also metal/metal for the same reason.

Sample temperature in the reaction ve_sei and hydride temperature in

the source vessel were both monitored using thermocouple_ located in

a well in the vessel wall. In both cases, the hot junction was ad-

jacent to the center of the sample. Ten grams of tile powder t(, be

cleaned were spread in a thin layer on the bottom ()I a 2-3/4" diameter

nichrome can. The metal can was intentionally oxidiz(;d pri(_F to cleaning

in order t_) prevent metallic contaminatu_n of the powders from the nichrome.

This can was placed on a rack which contained similar cans o£ zirconium

Getterloy* powder verticaIly ab,_ve and below it. The s(Jurce furnace was

positioned horizontalty and contained IO0 gra._s of hydride powders in a

trough-shaped boat approximately 4" long.

$6,1% Zr-36_Ti powder purchased from t't.nn Nu¢lt.ar C_,rp., Pennj Pensylvania_ 15675
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High pressure hydrogen was generated by heating the hydride into

the I200-1650°F range. Achieving the needed ultra high purity environ-

ment necessary to avoid Cr oxidation was accomplished by evacuating to

30_ Hg, back filling with _15 psig H_ and gettering with hydride powders

which were decomposed and rehydrided several times before heating the Cr

powders. Thus, impurities brought into the system during loading were

mixed with the high-pressure hydrogen and subsequently reacted with the

hydride during rehydriding. After two or three 15-250 psi H_ cycles to

getter the hydrogen, the Cr sample was heated to the desired temperature

and pressure. Pressure cycling was accomplished again, by decomposing

the recombining the hydride powders.

Results

A cursory investigation of the effect of cleaning temperature (To) ,

cleaning time (tc), hydrogen pressure (PHi) and numbez of pressure cycles

(N) on the kinetics of carbon removal was conducted. Of the four tempera-

tures investigated (400", 600 °, 800 °, and IOO0°F), 800°F was tht' most

efficient observed temperature for removal of carbon by reaction with

hydrogen and was, therefore, used to investigate tc, PHi, and N.

Initially, it was projected that removal of reaction products from

the powder voids, particularly during the late stages of clem_int; might

be essential for the continued removal of C. Pressure cycling in the

reaction vessels was designed to accomplish this removal of the CH_ re-

action product and was to be carried out by decomposing alld rehydriding

tile TI H_ source powders. Two problems were encountered tn cycling

_:xpertmcnts as follow_:

First, the hydride decomposition does not occur over a wide temperature

range and a_ a result, }i_ pressures were difficult to achieve reprodut'Ibly.

The kineti¢._ ¢,f hydride decomposition/reformation are also dependent upon
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their interstitial imp.rity content. Whenthe hydrides "getter" reaction

products from the cleaning process, they becomemore sluggish during both

pressurization and depressurization. This is particularly noticeable

during rehydriding and contaminated powders maynot reduce the pressure

to the desired level. In cleaning Run No. 2 for example, the H_ pressure
was reduced from 300 to 140 psi instead of the desired 50 psi.

The second problem involves the slow heating and cooling rate of the

source pressure vessel. Heating the hot-walled vessel from room tempera-

ture to 1650°F, for example, requires approximately 4 hours. Cooling may

he accelerated by application of cooling air or cooling _O coils to the

outside of the vessel, but even here cooling may occupy more than an hour.

The period of the pressure cycle then is at least 5 hours. During this

complete cycle, the Cr powder is maintained at ttle desired cleaning

temperature. In order to determine the importance of pressure cycling,

cleaning time is reported in Table 13 as both time at high pressure and

as total time at temperature. No systematic trend in the data was found

when exposure time was considered to be only that time spent at high H_

pressures. When the 800°F data is plotted as a function of total ti_e

at temperature, the resulting curve shows a rapid initial decrease in

carbon content followed by the asymptotic approach to a fixed value of

percent carbon at longer times. This carbon plateau was not a function

of hydrogen pressure as may be seen in Figure 16. The horizontal region

of the 800°F curve contains points which were obtained at 50, 200, 250,

and 300 psi H_ pressures. Since the 50 psi point falls at shorter times

but at the s_me final C percent as the higher pressure points, it is

obvious that PH._ was not an important variable in this region. A c short

times, however, pressure seemed to exert a slight effect, as may he seen

by the two 60 minute points on the 800"F curve. Here 60.4% of tile C

initially present was removed in 500 psi }_ while only 53.4% C was removed

in 250 psi H_.
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All samples cleaned were 10 gram size except samples Z0 and ll of

Table 13 which were 100 grams. Data from these tests fall on the same

general curve as that obtained from 10 gram samples.

The formation of loosely bound agglomerate groups of Cr particles

during ball milling would tend to hinder access of Ha. to surface reaction

sites for the formation of CH 4 in subsequent B_ cleaning. Such groupings

might be predicted to occur during ball milling. If this were the case,

ball milling _leaned powders for a short time might break up such clumps

and, therefore, aid H_ exposure to new surfaces. In order to check this

possibility, Run No. 10 was ball milled for 24 hours and re-exposed in

Run No. 11. The results fall on the plateau as would be normally expected

without such treatment.

mL

ii

Normally, the procedure for cleaning involved 2 or 3 pressurizing

cycles, which were aimed at purifying the initial environment. These

were followed by the initial heating of the cleaning vessel. Heating

time to 800°F usually occupied from 3 to 3-1/2 hours. Sample number 8

was an exception to this procedure and heating in this case was done in

approximately half this time. The results of this test (91.3% C removed

or .08_ C remaining) are the best obtained to date.

Discussion of Results

The observed optimum in cleaning temperature _s not unexpected since

the driving force for CH 4 formation increased by ducreaslng temperature.

The actual mechanism of fomuation of the CH 4 molecule would be t xpected

to be thernlaJly activated an_ this would favor high Icmpuratu,cs. '['hc

most (,fflcient cleaning temperature should then occur a_: an intc,_ned[ate

temperature as a result of the compromise between t_lese two l ac_,,rs.
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Progress of the reaction with time shows behavior which is typical of

many chemical and metallurgical reactions. A rapid initxal r_action rate

decreases with time and approaches zero at long times. This iz the behavior

shown in Figure 1_ A surprising feature of this plot, however, is that

the asymptotic value in the figure is not mucb closer to 100% "C removed"

as is normally observed in most kinetic phenomena of this type. This evident

plateau at _0 "_ removed" coincides with one monolayer of carbon on the

surface of flMces whose major surface has an (001) orientation. Details of

this calculation which used the BET v_lue of 9.0 m_/g as a measure of s_r-

face area, are given in Appendix I. Whether this is of significance, however,

is speculative at this stage of the investigation.

If carbon contamination on individual Cr powder particles exists initially

as multilayers of adsorbed atoms, the outer layers are undoubtedly bound by

the relatively weak forces associated with physical adsorption. The inner-

most layer on the other hand would be affixed much more strongly by chemi-

sorption. During cleaning, the wea_=ly-bound outer layers would be easily

removed by the CH 4 reaction. The inner layer, however, being in intimate

contact with the metal itself, might even be in the form of a monolayer of

carbide. Whether carbide or chemisorbed monolayer, however, the activity

of the carbon atom would be much lower than that associated wi_h the outer

layers. Practically, this means that the H_ environment must be kept very

pure (low PCH 4) or the CH 4 reaction will not proceed.

The fact that PHi. did not show a strong effect on the carbon removal

was quite surprising. During the early stages of the k_netic curve of

Figure 13, a pressure effect is observed, but it ts not _sstrong as origi-

nally anticipated. The lack of a str(mg pre,_sure eff(;('t in the plateau

region of Figure 13 is quite significant. Since the m:,ximum allowable PCH 4

which will still allow cleaning to proceed is a function of PIL_, this would

seem to indicate that the cleaning in theJ plateau region ts no longer governed
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by thermodynamics ussociated with adsorbed C. The appearance of this

barrier indicates a drastic change in activity of the adsorbed carbon.

Although this could be due to strong bonding of the innermost chemisorbed

layer of carbon, carbide formation seems more compatible with the observed

results. Removal of carbide, for example, would necessitate an increase

of several orders of magnitude in the purity (PcH4) of the cleaning environ-

ment while a more gradual transition in the carbon activity with quccessively

lower layers of adsorbed carbon would be expected. Carbide formation would

also depend upon pre-cleaning thermal history of the sample as is suspected

in sample 8.

l

The fact that number of pressure cycles had no effect on the observed

result:_ (Yigure 13) indicates that reaction products are removed from tile

powder void_ by gaseous diffusion. As the CH 4 reaction progresses within

the w)ids, pressure diminishes since 2 moles I_ forla one mole CH. Pressurt.

_s equilibrated by a flow of fresh hydrogen into the voids. Thi_ is a

diminishing process and as the methane pressure within the void approaches

the e._lernal PH_, the reaction will become dependent upon count_..'r diffusion

_)_ CiI_ out _)[', and I_ into_ tlle voids. Calculations show that only 1.5%

_)[ the C co_itmaination may be converted to methane withotiL l'ehi',_iIll_ re_cti¢ul

products t felt', tile voids. Thi._ would predict a iar_;_ nunlt), r oi l)rc.s_re'

_.ych:s nec(_._ar) for cleanillg if gaseous diffusion wore I_)t (_[[c.(:tivc-.



6. COW,PACT!ONOFTHECI_EANEDBLEND
TO HIGHDENSITY

6.1 GAS PRESSURE BONDING - (Submicron Blends Cleaned Carbothermically)

The high pressure, high temperature autoclave used for compaction

consists of three major parts: l) the 10,000 psi, H20 cooled pressure

vessel which contains a 3£00°F three zone, molybdenum wound, electrical

resistance (1-1/2 inch I.D.) furnace; 2) four-stage compressor capable of

compressing helium to 10,000 psi; and 3) the control panel which houses

temperature, pressure controllers and indicators. Furnace temperature is

monitored at each of the three furnace zones by platinum-platinum rhodium

thermocouples.

Densification of the powders occurs as a result of gas pressure trans-

mission to the powders through the encapsulating material. Figure 17

illustrates the degree of densification by a comparison between the capsule

dimensions before and after autoclaving. The wire bail seen in the Figure

was tack welded onto the capsule to promote ease of handling in the auto-

clave. The major problems encountered in this technique were lack of densi-

fication as a result of defects in the sealing welds and collapse of the

capsule into an irregular shape during compaction. In order to avoid

leakage problems, the capsules were leak tested by pressurizing in 30 psi

helium for fifteen minutes and checked for helium "weepage" in a vacuum

system connected to a helium leak detector. Just before charging into

the autoclave, the capsules were wrapped in tantalum foil which acted

as getter during the high temperature exposure.

Tile autoclaving conditions used for densifyin _ powder_ prior to

extrusion were selected on the basis of 98% density, minim,am interparticle

spacing (IPS), and general microstructure of three different compactions.

The contract specifies density of more than 98% theoretical and IPS of
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less than 1.5 microns for the submicron blends. As slay be seen in Figure i8

t hu optim_utl[tutockaving conditions were 2000°F/2 hrs/ iO ksi He. The

t empe_'ature for tile extrusion operation was also select3d as 200OAF.

6.2 EXTRUSION- (Submicron Blends)

Extrusion of the Cr-4_1o-5 v/0 MgO-0.25 each HI, Th, Y alloy (5MO-2

,)[ T:flAe I..1) was carried out at 2000°F in the two types of low carbon

:_teel extrusion capsules shown in Figure 19. The precompacted material

was obtained by autoclaving at 2000°F/2 hrs/10 ksi He _d the densified

,.'_pstt[e machined down to 0.90 itch diameter. A two-inch bar of this

material was then placed in the extrusion can and the curt electron beam

seal welded under vacuum.

l,oose ¢:leaent_l powder <,f the 5Mo-2 alloy was cncal)SUi_tted ill the.

.._xtrtl!_ion Call (Figure 19) using the same outb.:assiny _uad p_,wde:[, handling

!n'ocedLlres as described earlier. After filling the capsule, tL'c piston

was _:,.aled to tile body of the can by TIG weluing wi_il very [ight penc-

trat1,,n. The fina[ vacuum seal was a.gain accompli:filed by EB wuldin_ of

_ttlaxl_{l hole in the piston.

I.;xtru,_i_n wa_ carried out at the Rese_%rch and l)evelopJ_tent [;enter of

General Elt+:tric Company using ,%,i18/! extrusion i'zttio [it 200(;°t: TlaC

(l_:si<l_ o[ the l_o:;e powder capsule wa._ st_ch that IIh,V,_:ilIOl/1 o| t ll_ pi>;tOll

,{_:[;L! : vu to ',|le e_ntail!£,l" bud} prc.coml._cted tilt, p_,._J_,Y:_ iHi _)1' . ,. ('X tl'U-

,i(_)II ¢]lrotl!{h the die. The ext.t'uded l'()(| (Aflel'_?d 111 [hJ'ui, [)l {.'(7_'_ _hi (,!!

,ll_l]i t[" I't'.%t_tt,; and ar_., at,.-;o _|}.UHtlttied J.n [,'[gtll't ::(I. |ll ti_, : ,:,t-;_

,1'(';I.{,, , .; I] [1i,.' (2Xt l'/ll.19d 1'()(.| wl,rc' ubs( l'Vt'(| ,_lt Ft,_IAI_;I ]'¢)l.lt'Hili_.:h i I'{ 't, ;_.l. 5.
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Upon removal of the steel jacket by acid pickling in a 50_ HCI, 50%

HNO_ solution, it was found that the chromium alloy core was not in the

shape of a rod, as expected, but consisted of small (10 gram), tear-drop

shaped buttons. These buttons were located at the breaks in the extruded

rod seen in Figure 20. This phenomena was originally thought to result from

a poor matching of strength_ between the soft thick-walled can and the

chromium alloy core, and later extrusions were therefore canned in unalloyed

molybdenum capsules.

In an attempt to salvage material for mechanical testing, several of

the above buttons were drop forged (one blow at 2000°F) fol?owed by hot

,'oiling at 2000°F and 22OOaF. The forging, which was done in air, was

quite successful, with only small amounts of edge cracking. These cracks

were benched off on a wet 180 grit emery paper prior to hot rolling. The

unclad specimens were heated in hydrogen and given a 20% reduction in one

pass. Severe cracking occurred at both 2000 a and at 2200_F, rendering

these specimens useless for future mechanical testing.

After autoclaving, the 5 v/c Y_O_ alloys containing variations tn

reactive element additions (5 .'9 series, Table 14) had irregular cross

sections which were not compl_ :ely removed by machining for encapsulation

in the extrusion cans. These irregularities, therefore, were still evident

in the extruded product of alloy 5YO-2 (0.25 REA) thereby reducing the

number of tensile specimens a_tainable form this alloy. As in the 5Mo-2

alloy, the 5YO-3 (0.3 REA) extruded into short se_mnts. Tensile test

results in this series of alloys indicated that this seglnentati(,n was

probably the resuIt of tntergranular failure of an ultraline grained ._tructure.

Since extrusion is normally used t(, break up roars,:, segregated, as-cast

structures, which are not present tn these' ultrafine grained compacts, the

next series of alloys was proce,sed by autoclaving and swaging, omitting
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the extrusion step. ThLs series was to include the base-line nile} (Cr-3Mo),

2YO, 2Me) 3YO, 3Me, 7YO, and 7MO alloys of Table _4, a21 encapsulated in

unalloyed molybdenum cans. The molybdenum cans in this series, however) were

very poor quality and wall movement duril_g autoclaving caused cracking. The

first and second autoclave attempts in this series were) therefore, unsuccess-

fui. After supcrposing a tantalum jacket over the molybdenum can, these alloys

densified successfully on the third attempt. Since the capsules were buried

in Ta "gettering" powder during autoclaving) the leakage to the powder was

not considered to be a source of interstitial contamination.

Swaging was initiated on the base-line alloy but was aborted as a

result of cracks and checks in the molybdenum jacket with subsequent ex-

posure to possible embrittlement by nitrification. The remaining alloys

were therefore impact extruded at 2000°F using a 4/1 extrusion ratio at

Superalloy Forge, Hamburg, _Ltchigan. Of the four alloys extruded (2//0,

2YO, 7Me, and YO) only the alloy with 2.5 v/0 Y_O3 dispersoid was sound.

Both 7Me aud TYO contained numerous transverse cracks and 2MO contained

only a small amount of sound materzal. The extrusions are shown in Figure 21.

A stL_mary of thermo-mechanical processing Is documenteO in Table l5.

6.3 COMPACTION OF COARSE PREALIA)YED FLAKES

Successful dispersion strengthening is thought to depend (at least in

part) upon achievement of a strong crystallographic texture. (_)lv'le) . Since

the as-milled flakes (50_ less than 2_) have a strong (001) texture, com-

paction was done in such a way as to preserve this preferred orientation.

As-milled flakes have a large dlameter/thlckness ratio and thus align

themselves in parallel layers, If the powders are compacted

without d£sturblng this flange alignment, the as-compaoted alloy

._hould exhibit a preferred crystallographic texture. Enhancement of this
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crystallographic texture by secondary working should thus be greatly

facilitated. The technique which seemed m()st promisin_ f,)r pro(lucing and

maintaining flake alignment during pr(_'cessing was hot pres,_ing. Four

separate unsuccessful attempts we:'e made initially to produce a sound

corn ! act of Cr-4Mo-.15 (IA _ Y) for est. in tLc)'luome(,_lanical processin_ (TMP).

The starting material in each cane wa., t_. cleaned at 800*F/' 200 psi t_,.'

40 hrs. The cleaned powders were transferred between cleaning system and

the vacuum hot pres_ in "Transfer/Hot Press" capsul(_ in which they were

cleaned. Pressing conditions and capsule desi_,q_ used with each of the

compacts are given in Table i6. Subsequent rolling was conducted at 2000*F

without decapsulating. The thick end closures of mild steel capsule #1

and Y2 caused irregular flow during hot pressing which resulted in sub-

stantial variations in thickness in the as-pressed compact. Tilts undo-

sirable phenomenon was further exaggerated during hot rolling at 20OO*F.

To eliminate this problem, a capsult, with thin shct.t (,tit! closures wan

used in Hot Press #3. This configuration ct.mpactcd well. but suffered an

"alligator" type fracture during rolItng as a re,_ult of inadequate strength

in the end closure. Use of higher strength capsule (30.1 stainless tubing)

Ill llot Press #4 yielded a product which was similar to that of capsule #I.

These results indicatc_i that tlle encap'sulation requirements for hot pre._sing

and for hot rolling were divergent and ttiat different encapsulation should

be used in each process.

The difficulties encountered in the first four attempts to produce

sound Cr-4Mo-4 v/0 Then compacts by hot pres_ing were overcomt: in tile fifth

attempt (Hot Press #5). The earlier failure._ were the result of i.,adequate

encapsulation which was circumvented I)y using two types ()f encapsulation,

one for hot pressing and the other for hot r()iling. Aft_,r vacuum hot pressing

to full density (7.26 g.cc) at 2200°F/2 hrs/lO l_ :i in a _tainlc_s st(:el

capsule with thin end closures) th(, compact was decapsul_Lted and sectioned

in preparation for hot rolling.
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6.4 SECOb[rNkRY WORKING

Attempts at secondary working of the submtcron blend compacts met

with little or no success. These trials which are summarized _n 2_ble 15

included hot rolling, swaging, _nd drop forging. Secondary working of the

coarse (2_) flake-shapea prealloyed powder, on the other hand, was quite

successful. In this case, the decap_uiated hot press compact (Hot Press

#5) was sectioned as show.', in Figure12 and a cursory study of the rolling

temperature was conducted on the scrap pieces (Figure 22). The results

of this study are reported in Table i7. Rolling was conducted with 8"

diameter rolls at a roll surface speed of 480 Inches/mlnute. These samples

were sandwiched between 60 mll hastelloy X sheet and rolled in the same

direction each of the three passes. Density measurements indicate that

the compacts were fully dense both before and after roiling. Preliminary

texture measurements show that the rolled sheet has a strong (OO1) texture

which increases intensity with increasing roiling strain. This is reported

in Table 18 where the intensities of the (II0), (200), and (211) planes are

_hown as a ratio between the intensities from the sheet material and from a

randomly oriented ASTI4 standard. The larger pieces of Hot Press #5 were

cr_capsulated in a Hastelloy X picture frame compact (Figure 23) after which

they were rotted to sheet according to para_eters selected from the aata of

Table_ 17 and 18. The large pieces were successfully rolled 84% at 180OFF

and decapsulated in preparation for further evaluation. All subdequent

test material was produced by these same processing procedures.
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7. ALLOYEVALUATION

7.1 DISPERSOID STABILITY

7.1.1 Alloys Compacted From Submlcron Blends

Although the ball milled submlcron blends resulted in relatively fine

as-den_Ifled dl_perslons, thermal exposure of such alloys causes

_evere dispersold agglomeration. Alloy 5Me-I, for example, has a

particle siz6 of _ .I_ after compactiol, by autoclaving° Thermal exposure

_I' this compact, however, causes drastic coarsening of the _gO and _n

assoclatc_ increase In IPS° Examples of this phenomenon, which is

common to all three (MgO, Y203, and The2) dispersold oxides used, is

sho_n in Figures 24 through 27. Tabulation of thls instability is

#:Iven in Table 19. Several notable features of this In_tabillty are

listed as follows:

l) Dlspersoid particles grow from _ .I_ to _ l.Ou upon extended

thermal _xposure at 260OeF.

2) The coarsened particles are not spherical but have a very

irregular, elongated morphology (Figure 24).

3) Initially, oxide particles are relatively equl_ed and are

located in gralr, boundaries. Aft.Jr thermal exposure, matrix

grain growth occurs leaving a few particles behind which _tre

not _ssoclated with boundaries. These particles are usually

very fine.

4) The major fraction of oxides, h_wever, are still asBociated

with _:rala boundaries after grain _;rowth. These are segregated

in cuspoidal shapes at triple points.
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5) The final morphology gives a vague outline of the matrix

grain boundaries, with a resulting increase in IPS of more

than one order of maL_ltude. (Figure 25)

6) I,: the alloys containing Y_O 3 and _gO, x-ray diffraction

_ttldie_ indicate that excess oxygen was present initially

as Cr203 but after extended thermal exposure combined with

the Y$O 3 or MgO to form a spinel.

7) The spinel/matrix interfacial energy is approximately the

same as the Cr grain boundary energy. This is evidenced by

the contact angle between YCrO b and Cr at a grain boundary

triple point and is shown in Figure 26.

8) Instabilities seem to be independent of the ability of the

oxide to resist spinel formation since ThO_ which is reported

to be inert to Crs03 (3) shows the same behavior as MgO and

Y_O 3 which readily form such complex oxides.

Exi._tin_ theoretical treatments of such instabilities such as those

by Wa_i.,cr (t_) , Ltfshltz and Slyozov (a°) , and Orianl (_t) , are based on

dissolution of fine particles and rep:'eclpltaLion on coarse ones. Such

instab,lities could occur utilizing grain boundary diffusion as transport,

but in thi_ case, it does not seem likely that the resulting coarse particles

would have such irregular shapes. Aust (_) and Beamond, et al(_' have

proposed the possibility of particle movement without dissolution. In

both cases, it was proposed that particles moved with the grain boundary.
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As the grain boundary inigrates_ more and more partt(,lc'u art_ _Wt'l}t up,

until local contact is made betwt, en adlolntng parttclt._. Su(:h a mechanism

would explain the non-random location _f distl_'r.-ioi(ls, thc. tr highly irregu-

lar shapes and their location at grain boundaries and t,'tple i),_tnts. A

_chematic representation of such inst,xl)tlitieu in various staggs of com-

|)lotion is shown ill Figure 28.

According to this model, one of the ultrafine grains grows at the

expense of neighboring grains. Growth may be the result ,,f d£ffc_rences

in strain energy (from ball m£1ling) bt_twoen adjoining grains t,r it may

r(;flect a variation in vapor pressure :is a function of crystallographic

,_rientation. In the latter case, atom movement across the boundary would

occur by vapor transport, wh_le surface diffusion of Cr both _tl the oxide

and along the grain boundary would fill the area .shadowed from tht: vapor

by the oxide.

7. I .2 ALLOYS COgPACTED FROM PREALLOYED FLAKE-SItAPED POWI)ERS

The relative stability of oxides in a Cr matrix compa('ted from flake-

shaped powders lends further credence to this theory. In the phototiraph

()f Fi_,ure "),9,Y_Oa oxides whlch are almost in contact with ,,ach other

appear to be quite stable. In this case, the prcl,'rrcd ,)rientation el

the flakes promotes formation of a tow energy grain boundary which is

quite resistant to migration. Similar coarse preall()yc,(l (Cr-,IMo-.15

(La + Y) compacts containing 4 v/o ThO_ are al._o re_i._tant to dispersoid

coarsening. After 2600eF/lO hour exposure for ,;xample, the fin(. ThGt.

particle extractions shown in Figure 30 ar_. relatively u,l('hang('d ill qiZC

when compart:d to those in the as-c,,lal)aeted :tll,)y ,_f Fig_lr,, 31. The

massive (_>lt_ diameter) particles ._c,(_.n ill b()th phot()gral)h'; are t, vtdentty

Cr_O, which originates from tile .55 w.,, ,'x('_'us ,)x)_4('n wht(.h w:t._ picked up



zn powder handling. As is evident here, the fine ThO_ particles are

quite resistant to agglomeration even in the pre_ence of large excesses

of oxygen contamination. The coarse Cr 03 particles are unstable at 2600"F

in vacuum and may actually disappear as shown in Figure 30. This depletion

_f Cr_O_ seems to be completely independent of the ThO_ particles since the

changt, in The a particle size here is from 700_. to 800_ during the 2600eF

exposure. Whether or not this is a real change in ThO_ particle size is

questzo,_able, however, since the 100_ change is probably just slightly

larger than the limits of accuracy of the tecanique (estimated to be + 10%).

In either ca_e, however, this is a major improvement over the stability

exhibited by the submicron blends (Table 19) where particles grew to _1_

sizes during similar exposures. The type of instability which caused the

d:castic particle growth shown in Table 19 seems to be independent, of the

prop,:rtie._ of the dispersoid since it occurs in a similar fashion to alloys

c()ntaining ThO_, MgO, and Y_O_. In addition, it seemed to occur whether

or not large excesses of oxygen were present and also whether or not double

oxide formation occurred. On the other hand, these drastic instabilities

disappeared in alloys which contained a strong preferred orientation in

the matrix.

7.2 CHEMICAL AND MICROPROBE ANALYSES

Chemical analysis for sulfur and metallic elements (with the exception

of molybdenum) was done at Ledoux and Company, by both wet chemical and

spectrographic techniques. Oxygen, hydrogen and nitrogen in the compacted

alloys were analyzed by gas fusion techniques at the Material and Process

Technology Laboratories (MPTL) of General Electric Company. The molybdenum

and carbon conten*_ were determined from powders; details o£ these techniques

w,_,,c reported in Section 4.3. These results are tabulated in Tables 20 and 21

The ueml-quantitative analysis of Table 20 was conducted at YJrrh as a monitor

to process contamination. As may be seen here, metallic element contamination

(with the exception of Mo) was not a problem.
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In order to determine if molybdentun concentration gradients existed

in the autoclaved material, llne profile microprobe traces were

carried out ell an ARL (Applied Research Laboratories) electron

microprobe analyzer in MPTL. The specime_s were mounted in an

electrically conducting material (Copper Dtallyl Phthalate) and

metallographically polished. After calibrating the system with a

pure molybdenum standard peaked on K_ _ith a L1F crystal, the samples
I

were analyzed with a one micron dl_neter I)(.am at scannin_ speeds of

8 and 96 microns per minute. Results of these analyses are shown in

Figure 32. The high molybdenum alloy (5_123-2) autoclaved at 2000°F/

2 hrs/8 ksi shows variations in molyb(tenun content from l0 to 45'70.

The low molybdenum alloy 5MO-2, however, shows a homogenous structure

after autoclaving at 2OO0°F/2 hrs/lO ksi. In addition to the

mtcrosegregation seen in Figure 32, the 23% molybdenum alloy also

exhibited macrosegregatton, which could be visually detected on a

polished surface as small circular areas varying fro:a 1/16" to 1/8"

in diameter. These isolated areas were low (less than 10%) in

,_lolybdenum content and constituted less than 10 /o of the alloy.

7.3 DENSITY

Density of the compacted alloys was ,aeasured with an analytical

chalnomati¢ balance using Archimedes pri:_clple.

Density measurements of the compacted alloys in the as-compacted

condition and after various thermal exposures are tabulated in

Table 22. In most cases, systematic variation in density as

a function of exposure conditions was masked by wide scatter in the

density of as-compacted alloys.
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Whenexposed in the as-autoclaved condition, which was uniformly dense,

the 5_10-2 alloy showed a decrease in density with increasing exposure tem-

perature. During exposure at 2400°F/1 hr/vac, for example, this alloy

expands approximately 4% in volume (Figure 33).

7.4 OXIDATION/NITRIDATION CHARACTERISTICS OF Cr ALLOYS

Static air oxidat on tests were conducted for IO and 100 hours at

2000 °, 2400 °, and 2600°F. The samples, which were ground and polished

through 400 grit paper, h ' surface to volume ratios in the range from

.2 to 2.0 and weighed approximately .3 grams. Exposure was conducted

in zirconia crucibles using a furnace with SiC heating elements and

natural convection. After weight gain determination, the samples were

pro'pared for metallographic and microhardness measurements. Specimens

were mounted at such an angle that the oxidized surface has a ,aechanical

magnification factor of 4/1. The results of these tests are summarized

in Tables 23, 24, 25, and 26.

Weisht Gain - At 2000*F the alloys showed weight gains that varied

from O.14 to 4.2 mg/cm _ after lO and IO0 hour exposures. Weight gain

varied considerably from alloy to alloy but two general trends emerged.

First, addition of an oxide dispersoid decreases both weight gain and

oxide thickness. Secondly, comparison of oxide thickness and weight gain

at 10 and [00 hours indicates that in all alloys except 7TO, volatiliza-

tion losses are occurring simultaneously. Such behavior is typical of Cr

alloys and has been reported in detail previously by Tedmon (_4) , Clark(aS )

and Chang (_'_) . At higher temperatures this behavior is more pronounced

and several samples actually showed weight loss. Above 2400°F, the metal

()xid,, interface shows indication of direct Cr volatilization. An example

_,f this phenomenon, which is commoll to all alloys, is shown in Figure 34A.

A m()z'e detailed view of a similar region is shown at higher magnification

in Figure 34B.
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During early stages of scale growth at 2000°F the oxide layer on all alloys

is quite adherent. Oxide separation was observed at longer times at 2OO0°F

in some alloys and at 2400°F and 2600°F, all alloys showed this beilavlor.

The initial st_ages of separation laay be seen in Figure 34. The raised

portion of the scale appears as a small blister when viewed maeroscopleaily

_Ls in Figures 35 and 36. Large cracks and spalling of solne blisters is

(:vldent in the 5YO-1 alloy exposed for lO0 l_ours at 2000°F. (Figure 36).

Nttrldatlon - Exposure of Cr to hot ai, - results in nitridatlon in addition

to scaling by oxidation. Nitridation may occur as a continuous nltrlde

layer beneath the oxide scale, grain boundary nltride network and/or

_natrix contamination by nitrogen dissolution. Each of these causes serious

cmt, rlttlement which constitutes the major deterrent to the d_e of Cr-base

,_lloys as high telaperature structural materials. Degree of nitridation,

as determined by metallography is reported in Tables 23, 24, _md 25.

Results of air exposure at 2000 °, 2400 °, and 2600°F were measured raetallo-

_raphlcally as thickness of the continuous nitride layer, and as depth of

llardenlng (depth to which nitrlde particles (_r grain boundary films were

visible in the mlcrostructure). Depth of hardening is _Is,) reported in

Table 26 where it was deternllned by Knoop hardness traverse on expo,_ed _amples.

A_ may be seen in Table 23 all alloy_ were resistant to nitridatlon for

i00 hours at 20OO°F except the base llne alloy and 2MO. The Cr-Mo alloy

wl _hout dispersoid (base llne alloy) had a .2 rail thick continuous n£tridc

layer and was hardened by grain boundary nitride network to depths of 18

mils after IO hours and to 24 mils after lOO hours at 2OO0°F. i_lthoa_h 2MO

showed no grain boundary network at eltller IO or 100 hours, a .4 rail nltridc'

layer was formed during air exposure for i00 hours at 2OUO°F.
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At 2400°F and 2600°F, on the other hand, nitridation was severe in all

alloys and network nitrides were observed throughout the entire sample after

I00 flours at 2400°F and after both i0 and I00 hours at 2600°F. Volatillza-

ti_n from the internal interface is evidently a competitive process to form_

tion of a continuous nitride layer since nitrid_ layers were f(_/nd only in a

few _nstances when vaporization such as that shown in Figure 34 was observed.

7.5 RECRYSTALLIZATION BEHAVIOR

Recrystallization phenomenon in the flake compacts were very difficult

to observe metallographically because the _icrostructure consistently over-

etched around the large Cr_O s particles before the grain boundaries became

visible. As a result Laue diffraction patterns were used to determine the

onset of recrystallization. A comparison of the recrystallization behavior

of the as-hot pressed, the hot pressed plus warm rolled Cr-4Mo-.15 (Ua + Y)-

4b/0 ThOs alloy and the warm rolled Cr-4Mo-.15 (Ua + Y)-OV/o ThC_ alloy is

shown in _igure 37. Note that both the Ov/o ThO_ alloy and the 49/o Th_

as-pressed alloy are recrystallized after one hour exposure st 2200°F. The

strongly textured (Table 18) 4_/O The e alloy on the other hand was only

partially recrystalli2ed after lO hours at 2600°F.

7.6 TENSILE PROPERTIES

7.6.1 ALLOYS PRODUCED FROM SUBMICRON BLENDS

Most tests at both high and low temperatures were made on specimens

annealed for one hour at 2000°F. Low temperature tests were conducted on

double-reduced button head specimens (Figure 38) ground to .120" diameter

by .25" long gage dimensions. Elevated temperature testing was conducted

on gl(_und button-head specimens with an overall gage length of I.I" and a

di,zmet_,r of .160". All testing was conducted on an Instron tester at a

_m, Lna] _train rate of .01 per minute.* High temperature testing was

conducted in vacuum at pressures of I0 -s tort or below.

* Actual strain and, therefore, strain rate was not measured. All data

reported herein was measured as cross-head movement.
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Yield strengths of the alloys tested are shownas a function of tem-

perature in Figures 39 and .t0. At tc.npert'tures of 800°F or less, the 2YO

alloy exhibits a pronounced yield point. Sampleswhich were prestratned

1% in tension and aged one half hour prror to testing also showeda pro-

nouneed yield point drop, but it was less severe tutti depoadedon the aging

and test temperature as shown in Table" 27 and Figure 42. The 5YO-1 alloy

did not exhibit this yield drop phenomenon when tested under tl_e .,;_ur,e con-

ditions {Figure 4 t). In addition to a higher content of oxide dispet'soid,

the 5YO-! a'loy has much lower carbon and Me content (Table 21 ). Higher

carbon level o.lone, however, does not seem sufficient to explain the

difference since both alloys are sufficiently higt_ in interstitials to

cause yield drop in relatively pure Cr (eT) . Perhaps a :sore important col]-

sideration in this phenomenon is the difference in oxide dispersion para-

meters between the two alloys. Alloy 5¥O-1 has an IPS of 1.6_, while 2YO

has a much poorer spatial distribution of oxides with IPS of tO.8_.

Ductile to brittle transition temperature (DBT'P) wax: ,nvestigat¢'d

using slow strain rate (0.5%/rain) tensile loading to 1% plastic strain.

After L% plastic strain, the load was released, the tetapc.rature, reduced IO0°F,

and the sample was again loaded to 1% strain. This procedure was repeated

at IOO°F increment._ until failure (Jccurred. In th,: as-ext_xtded 5YO-I alloy

the test was initiated at 800°F and fracture occurred at 600°F. A very

severe surface defect in the gage length, however, und,Jubtedf.v caused pre-

mature fa±lure. The second sa_aplc. "was heat treated at 2000*F f,_r one' hour

in vacuum prior to testing. A stunm_ry of tlle DBTT t_,st (>£ the second 5YO-I

sample is shown in Fi_.nare 41, which is a ,cproduction (,t the It_;tron load

versus extension chart. The lost was initiated at (>(}O°l.'wh(,_'t, the flow ._trcss

was 87 ksi. Fracture occurred at room temperature' a[t(+l • :_ t(,lat pia:_tic

strain of 5'/0resulting ['rom five in(zrcment_; of 1'/o _tratn (:a(:h. Chromium

alloy 2YO exhibited a DBTT of approximately 500OF, 1.'igurt: I '2, while 5¥O-a

had a traJ_sition temperature of appr,J._imately 200°1 ,". :;u(h b+'l]:Lviol" is not
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'.u:expected since the former was initially higher in Me, C, and N (Table

than the latter. In addition, 5YO-1 contains .15% each of the reactive

elements Y, Th, Hf as well as a finer IPS and particle size.

k

[

[

.

Kigh temperature properties of alloys processed from submicron blends

were extremely low in all alloys tested. The best 1900°F strength (Table28)

was found in the 2Me and 2YO alloys, but these properties are not as high

as would be expected from wrought alloys without ThOs. Tensile properties

as a function of temperature may be seen in Figures 39 and 4_ Increasing

the dispersoid content from 2.5 _/o YsOs was quite effective in improving

strength at lower temperatures. In spite of the fact that the Me content was

more than double that in 5YO, the finer particles and better dispersion of

5YO approximately doubles the 800°F strength of 2YO (87 vs. 36.1 ksi). At _

high temperatures, however, the grain boundary weakness in the 5YO alloy

drastically diminished tensile strength. Flow stress of the two 5YO alloys

with .15 and .25 REA alloys was approximately 90 ksi at 800°F. At 2000°F,

however, intergranular fracture occurred at 2.2 ksi for the 0.15% REA alloy

and 5.7 ksi for the 0.25_ Rea alloy. Both alloys showed considerable ductil-

ity (45_ and 26% elongation respectively) but contained many transverse

intergranular surface cracks as shown in Figure 43. Such high temperature

behavior is typical of many high strength ultrafine grsined alloys. Dis-

appointingly, extrusion did not produce a texture or a fiber shaped grain

morphology which might minimize this grain boundary weakness. In addition,

since the extrusions were unworkable, such a microstructure could not be

produced by thermomechanical processing (TMP).

7.6.2 ALIL)YS PKODUCED FROM PREALLOYED FLAKES

Testing procedures for the alloys produced from coarse (50% < 2_ thick-

ness) flakes were identical to th,)se used with the submicron blend button-

he_] specimen reported in the previous section. In this case, however, the
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mechanical test specimens were cut from 50 rail sheet and, therefore, con-

tained a rectangular gage cross section (Figure 44). Elevated tempera-

ture tensile properties of the Cr-4Mo-.15(La+Y)-4V/oThO_ alloy were
extremely high (Table 29). At 2100°F for exaJaple,UTS is approximately

four times as great as would be expected from a wrought matrix alloy of
sir_ilar composition* and is more than _ factor of l0 better than the best

of the submicron blend alloys. Extreme difficulties were encountered in

machining this material and several test samples were lost during the

"Elox"ing operations. In addition, several samples fractured in the tabs

durin_v high temperature tests. In at least two instances this was the

result of cracks which were evidently initiated during machining. While

the tensile properties were extremely good at high temperature, stress

ruptare properties of material from the ssane sheet were very low. At

2100°F/2.5 ksi for example, fracture occurred upon loading. At 1900°F/

15 ksi rupture life was .25 hours. Comparison of the fractured tensile

sample which had a 81 ksi UTS and the stress rupture smnples by optical

microscopy gave indications that grain boundary separation may be the

cause of the poor rupture properties. (Figure 45) Laue transmission

x-ray photographs of the 2100°F tensile and the 2100°F rupture samples

indicates that recrystallization was beginning during _he rupture test

while the tensile sample gives no indication of recrystallization.

Partial recrystallization is indicaLed in the Laue transmission photo-

graphs of Figure 43 by the appearance of isolated bright spots in each

of the continuous diffraction rings.

*Pure Cr + .1 Y - UTS = 9.2 ksi @ 2100°F

Cr + 7.1 w/o Mo + .1 Y - UTS := 31 ksi @ 2100°F

Interpolated UTS for Cr-4.0 w/o Mo-.1Y :: 21 ksi _ 2100°F

Data taken from INTERIM SUMMARY REPORT NASA CONTi_CT NO. NAS 3-7260,

June 30, 1967. (J.W. Clark, Author)
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Bend tests were conducted on the rolled sheet using a .040" x .100"

cross section. Three-point loading tests were performed on an Instron

machine, using a 75 ° V-block with a span of 1.5-inch and a bending die

radius of approximately four times the thickness of the sheet. Tests

were conducted above room temperature in an oven with forced-air cir-

culation mounted on the frame. Temperature was controlled by a chromel-

alumel thermocouple mounted in the female die. Load-deflection curves

were recorded at a ram speed of .05 inches per minute. The results of

these tests are listed in Table 31 and indicate a DBTT in the Cr-4Mo-

.075 each La, y-4V/oThO_ (HP-5) alloy of approximately 900°F.
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8. DISCUSSION _l,'R_qUI_S

The coarle flake approach appears to be the most promising process for

producing oxide dispersion strengthened Cr alloys. Dlspersoid agglomeration

problems in the submicron blend alloys rendered them unworkable and thus

prevented the TMP necessary to produce the desired texture, grain size,

and grain morphology. The coarse prealloyed flakes on the other hand

were easily workable to a strong deform_Ltlon texture which imparted

both dlspersoid stability and a strong resistance to recrystallizatlon.

The as-_vorked microstructure consisted of a double dispersion of oxides.

A fine (.07_) ThO 2 dispersion which h_d an IPS of 1.OtL and a coarse

Cr203 ( > 1_) dispersion with a 15_ IPS. The stability of these dispersions

seemed to be independent of one another. The Cr203 for example,

disappeared in high temperature vacutun while the ThO 2 remained essentially

unchang_ in size. While this alloy (Cr-Zk_Io-.15(La+Y)-4V/oThO 2) showed

excellent nigh temperature tensile properties (81.3 ksi @ 2100_F), it

had a high hBTT ( -_ 900*F) and was very sensitive to variations in strain

rate. The strain rate sensitivity was exhibited by exceptionally low

stress rupture properties. Recrystallization occurred during these tests

and was evidently the cause of the short rupture lives. I_esistance to

recrystallization in other of the same type specimens wa_._ shown to be a

function of degree of texture. In addition, the rupture _pecimen (liP-8)

was only lightly textured when compared to the recrystallization resistant

alloy shown in Figure 37, (ffP5-2). It therefore seems likely that

optimization of T._P to produce either a stronger texture and/or a larger

grain size would alleviate this strain rate sensitivity.

The high DBiTr poses a more serious problem. If the postulate of tiahn

and Rosenfield (2) is correct however, then a reductlol} in volume

fractlon of dispersold, a decrease in the size and volume fraction of

the corase Cr203 particles, and/or a change in gr_In size might enhance

the ductility. In the present alloy, two factors would tend t_.

increase BBTT. The first was a high interstitial content while the

second was the presence of Me as a solid solution strengthener.

A fine grain size, coupled with a more reasonable volmue fraction of

dispersoid might overcome this problem.
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The results obt_lned using coarse prealloyed powders were quite

promising, Since these data were generated on compacts in which TMP

was not optimized, it seems reasonable to expect that further developments

in TMPwould improve resistance to recrystalliza_lon and thereby overcome

the low creep strength of this alloy. In addition, recent work reported

by Buliens(_icates that a fine substructure in pure Cr decreased the

ductile to brittle transition temperature to -120°F.

Thus one might expect that a heavily textured Cr alloy with fine

substructure would provide a significant improvement both in high temperature

performance and in low temperature fracture behavior. It is therefore,

strongly r_commended that NASA investigate the potential of TMP in oxide

dispersion strengthened Cr alloy in much greater detail.
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9. SUMMARYOFRFSULTS

/

:a:

A powder metallurgy process was investigated in this contract for the

production of oxide dispersion strengthened Cr-Mo alloys with

metallographic parameter goals of 1.5 microns interpartlcle spacing

(IPS) and 0.1 micron particle size (PS). Ball milled blends of metal

and oxide powder mixtures were densifled by several techniques and

the re_ulting compacts evaluated. Three different types of blends

were used in an effort to achieve the microstructural parameter

goals. These were: 1) an elemental metal/oxide blend in which

particle size was 99% < .Su; 2) a prealloyed metal flake/oxide blend

in which the metal flakes were 99% _ lU in thickness; and 3) a

prealloyed _etal flake/oxlde blend in which the flakes were 50% < 2_

in thickness.

The microstructural parameters of as-compacted submicron blend alloys

which were not exposed to an interstitial cleaning step, wer_ quite

fine. Severe dispersoid instability, however, caused an increase in

these parameters by more than one order of magnitude above the program

goals during a one-hour vacuum exposure at 2600°F. Dispersoid

instability occurred in alloys containing MgO, Y203, or ThO 2 and

appeared to be the result of cooperative movement of grain boundaries

and oxide particles rather than by dissolution and reprecipitation

of the particles. Since these blends contained excessive quantities

of interstitial contamination, (both carbon and oxygen), a carbothermle

cleaning method was developed which was shown to be capable of reducing

oxygen cont_nlnatton in the as-milled submtcron Cr powders to 130 ppm

and carbon to less than 500 ppm. Slntering of the powders during

cleaning, however, was accompanied by di_persoid a_glomeration which

was severe enough to preclude achievement of the lnterparticle spacing

and particle size goals for the consolidated alloy. Tensile properties

of this class of alloys fell in the range from 40-100 ksi at room

temperature, but high temperature properties were not as high as would
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be expected from wrought alloys without ThO 2. Ductile to brittle

transition temperature of the submicron blend alloys were measured by slow

strain rate (.05/min) tensile testing and did not show an improvement

over wrought Cr alloys of comparable Mo content.

Oxidatlon/nitrification resistance of the alloys processed from

submicron blends was quite good at 2000°F and compared favorably

with the best east Cr alloys. At 2400"F and 2600°F, however,

i00 hour air exposures caused severe attack, both by oxidation and

nltridstion.

In an effort to avoid the 02 contamination problems associated with

fine elemental metal starting powders used to produce the ball milled

submleron blends, the investigation was continued with a blend of

flake-shaped, low oxygen, prealloyed Cr powders with 4 V/e of ultra-

fine ThO 2. Arc melted 50 gram buttoh of Cr-4Mo-.15 (La+Y) _ere made

from iodide Cr. After crushing of the buttons, comminution to flakes

was accomplished in a Me-lined ball mill at -50°F using toluene milling

liquid with an argon cover. Although the starting powders were very

low in Int_stitlal content, carbon contamination occurred during ball

milling as a result of adsorption of tolueme. Since ball milling of

these coarse high purity powders took much longer times, the blend

goals were thanked to 99_ < I_ (flake thickness). This particle slze

Koal was achieved by ball milling 800 hours at -5OAF in toluene.

Ball milled prealloyed Cr powders took on a flake shape during milling.

The particles were heavily cold worked and had a strong defo_nation texture.

The large flake surface had a strong tendency for [001 _ orientation after

milling. This orientation became much less pronounced in compacts made

tlp of particles with an average flake thlckress of less than .l_L. C_trbon

contamination of these powders amounted to 1.4_. Removal of this

carbon without destroying the ball milled blene was attempted by low

te_,perature H 2 cleaning. A unique closen powder cleaning system was

developed in which ultra-pure high pressure EZ was generated and cleaned

internally. This system was used in an attempt to reduce C, O, }I, and N

to less than I00 ppm each. The efficiency of this system for reluoVal of

carbon from ball milled metal/oxlde powder blends was investigated in a

detalied kinetic study.



This kinetic study of carbon removal wa_ made using matrix powders

without the dlspersold oxide addition. The best results were an order

of magnitude above the target concentration of 100 ppm C. (Carbon

level in as-milled powder was reduced from 1.4% to .09% during a 800°F/

250 psi H2/2500 min. exposure). Four cleaning temperatures were

investigated, 400°F, 600*F, 800eF, and lO00aF. Carbon removal was most

efficient at 8OOaF. A variation of cleaning time at 800°F showed that

most of the carbon was removed during the fl:_st hour of exposure to high

pressure hydrogen. Subsequent removal occurred at a steadily decreasing

rate. Final carbon content approached a barrier C concentration

asymptomatically at long times, Increasing the hydrogen pressure was

not as effective in accelerating the reaction as was originally anticipated.

The barrier concentration, for example, was completely independent of PH2.

h moderate increase in rate was seen in the early stages of cleaning, e.g.

doubling the PH2 from 250 to 500 psi increased the C removal from 53.4%

to 60.4_ during a 800"F/60 min. exposure. Removal of reaction products

from powder voids by cycling the tI 2 pressure proved difficult experimentally

and its effect was relatively inconclusive. Necessary gas flow into and

out of the voids was evidently accomplished by gaseous diffusion. The C

barrier observed was probably caused by carbide formation during cleaning.

Thermodynamics of carbide removal predict that the achievement of the

desired 100 ppm C content is not likely in the existing apparatus.

The third blend (50% < 2_ flake thickness) was a further increase of the

blend flake size which was made in order to ease the contamination/cleaning

problem and to take advantage of the strong texture observed in the coarse

ball milled flakes. Powder processing steps in this case were the same as

those used for production of compacts from the 99% I l_ blends. The desired

microstructural parameters of 1.5_ IPS and 0.11_ particle size were to be

achieved by thermomechanica! processing the densified alloy. The course

flakes present In the as compacted alloy were thus elongated by rolling.

Dispersoid particles, present in the flake surfaces boundaries were thus

brought closer together as the flake became thinner. This lmproved the

general dispersion parameters and also retained the elongated grain shape

and preferred orientation which existed in the original flake particles.

Although the contamination goal of < 100 ppm each of C, O, H, N, and S could

not be achieved, the third approach yielded by far the most encouraging

results, which are briefly recounted as follows:
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i) Hot pressed compacts of Cr-4Mo-.15(La+Y)-4_/oThO 2 had

excellent workability.

2) Dispersold stability was sufficient in the as-pressed compact

to prevent agglomeration during the thermomechanlcal processing

(TMP) steps necessary to promote good high temperature properties.

3) TMP produced a strong texture and enhanced the ThO 2 dispersion,

(1.0_ IPS - .07_ PS).

4) After ro11ing 84_ at 1800°F a Cr-_o-.15(L_+Y)-4V/oThO2 alloy

had good dispersold stabillty t was resls_ant to Pecrystalllzation

and had a _I00#F tensile strength of 81.3 ksl ( _ 4X the strength

of the undlspersed matrix).

5) The DBTT of this alloy was approximately 900°F.

6) Elevated temperature tests indicated that the strength of

Cr Alloy/The 2 sheet was very sensltiv_ to strain rate.

A summary of the interstitial contents and dispersion parameters which were

achieved by the various processes investigated are shown on _he following

page.

l
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TABLE 1

CHEMICAL ANALYSIS OF FRENCH* CHROMIUM POWDERS

USED IN THE ELEMENTAL POWDER APPROACH

Chromium 99.04%

Oxygen 0.40

Carbon 0.08

Nitrogen 0.005

Iron 0.20

Al_ninum 0.02

MgO 0.25

*Aci_ries de Gennevilliers 119 Av Louis Roche

Paris, France.
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TABLE 4

!

CHEMICAL AN kLYSIS OF M_O POWDER (.04_ Diameter)

ME<) 98.97%

NH_OH O. 02

Barium 0.005

Calcium 0.05

Chlorine O. 010

Heavy Metals (as lead)

Insol. in dilute HCI 0.02

Iron 0.01

NO3 0. O05

Pot a. alum 0,005

Sodium 0.50

Sol. in H_O 0.40

Strontium 0.005

Sulfate & Sulfide 0.005
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TABLE 5

CHEMICAL ANALYSIS FOR YsOs POWDER (I_ Diameter)

Dysprosium Oxide

Holmium Oxide

Erbium Oxide

Thulium Oxide

Other Rare Earths

Calcium

Silicon

L.O.I.

0. O39%

O. 0052

0.017

0. 002

below limit

of detection

0.0150

0.0065

0. 400

bal ance

* Ignition L,_:-_s
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TABLE 6

Ball Milling Time

(hours)

X-RAY TE]rrURE ANALYSIS OF
, | ,

MIT.L_D Cr POWDERS*

Relative Diffracted Intensity I/IASTM
As Milled Annealed 2400"F/1 hr/Vac

CIIO_ C200] _211_ _llO] {200} [211_

0 (ASTM Standard) 1.0 1.0 1.0 1.0 1.0 1.0

69 1.0 1.4 1.3 - - -

207 1.0 35.4 4.3 1.0 10.4 7.9

300 1.0 29.0 2.5 - - -

600 1.0 3.6 1.2 1.0 7.0 3.0

*Cold pressed in cylindrical steel dies at 100 ksi.
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TABLE 8

Mo C0bPrEITr OF AS-MIIJ_ED Cr POWDERS

Allo_ No

Ball Mill Mo Mo Pick Up
Time Added From Liner

(hrs) (%/..) (%)

Tot al

Me

Pure Cr 232 0 5.9 5.9

2 MO 232 0 5.9 5.9

2 YO 448 0 2.4 2.4

3 MO 407 0 2.5 2.5

3 YO 407 0 2.1 2.1

5 M0-2 472 0 3.15 3.15

5 YO-I 500 0 1.0 1.0

7 MO 312 0 4.5 4.5

7 YO 490 0 2.3 2.3

7 TO 290 0 6.2 6.2

Preal loyed 918 3.0 .9 3.9

HP 5 200 2.5 1.7 4.2

HP 6 200 2.5 1.5 3.8
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T_BLE 9

CARBON CONTENT OF AS-MILleD M&R Cr POWDERS AFTER APPLICATION

OF VARIOUS TOLUENE DISPLACEMENT SOLVENTS

Solvent ppm C

Trichloroethylene 5700

Xylene 6100

Benzene 6000

Hexane 7800

Ethyl Alcohol 6200

Acetone 6100

TABLE 10

CARBON CONTENT OF FRENCH Cr POWDERS

AFTER HYDROGEN CLEANING*

Run No. of Cycles % C

No=__.Environment Temp OF (i h F H_.+I/2 hr vac) Final

1 H_ 1800 4 1.04
(99.999%)

Remarks

No He used-capsule

backfllled directly

with H_

2 1800
(99.999%)

3 hr I_ + 2 cycles 1.3,_

3 H_ 1800 4 hr _ 1.92
(99.92%)

Thin layer of powder

on Mo tray

Thin layer of powder

on Mo tray

* Starting powder - Cr-2.8Mo-5 u_ MgO-0.25 each Hf, Th, Y.
500 hrs/-50°F/toluene (7300 ppm C).

Ball milled
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TABLE 12

FREE ENERGY OF REACTION AS A FUNCTION OF TEMPEIb%TUIIE

FOR SEVERAL POSSIBLE CLEANING REACTIONS

I

II

ill

IV

V

VI

VII

C + 2 t{_ -* CII 4

C + 23/6 Cr _ 1/6 Cr2._C6

CII_ + 23/6 C¢'-_ 1/6 Cr2aCf_ , 2 tl_

C + 7/3 C, • _ 1/3 Cr7('3

CH4 + 7/3 Cr-_ 1/3 CrvCa + 2 [1a

C + 3/2 Cr-_ 1,/2 CraC2

CH 4 + 3/2 Cr _ 1/2 CraC 2 _ 2 Ha

l tAF° Kcal/mol C
reaction,

°K I II III IV V VI VII I

298 -12. i -16.8 - 4.7 -14.5 - 2.,t -11.7 4 1). I

400 -10.0 -17.0 - 7.0 -1,1.7 - 4.7 -I 1.8 - !.8

600 - 5.5 -17.3 -11.8 -15.1 - 9.6 -12.0 - 6 5

8110 - .55 -17.6 -I7.0 -15.5 -15.0 -12.2 -ll (i

1000 + 4.6 -17.9 -22.5 -16.0 -20.6 -12.6 -17 "2

1200 + 9.8 -18.3 -28.1 -16.4 -26.2 -13.1 -22 9
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TABI,E 13

H_ CLEANING OF PREALIt)YED Cr-4Mo-.15 (La + Y)

POWDERS WITHOUT ThOa

[tun No.

tlydride Sample

Temp. Temp.

Ts - °F Tc - °F

I 1360 1000

"J 1300 1000

3 1400 800

4 1650 800

5 1650 600

6 1650 400

7 1650 800

8 1650 800

9 165() 800

I _ _ _ 1650 800

I I : 1650 800

Number of Time @High Total Time

Ha Press. Pressure pressure at

psi Cycles Cycle Temperature

(rain)

205 i 30 L20

300 2 30 360

200 2 30 600

50 2 30 480

350 l 30 360

200 l 90 120

250 i 60 60

250 1 2500 2500

2 50 6 3 O0 1800

500 1 60 60

300 2 + 2500 2 560

* GOAl, = -> 99. "'_3,¢ Removed or < lOG ppm C.

+ Ball Mllle(I 24 hours - between cycles to I)reakup agglomerates.

' !()(I l',t';tl_l :-;;tmpl('s

% Cerbon*

Removed

40 3

63 0

80 4

77 6

13 6

48

53.4

94.0

78.9

60.4

80.2
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TABLE 14

COMPOSITION OF ALLOYS PROCESSED FROM SUBMICRON BLENDS

AII,_ No. Dispersoid V/o

Bas,_ Line Alloy O

2 MO 2.5 MgO

2 Yo 2.5 Y_%

B .%10 3.5 MgO + 4.0ThOL_ _

3 YO 3.5 ¥_0 3 " 4.0'lhO_

5 MO-1 5.0 MgO

5 MO-2 5.0 MgO

5 MO-3 5.0 MgO

5M23-1 5.0 MgO

5M23-2 5.0 MgO

5 YO-I 5 0 s/,:_O3

5 YO-2 5.0 Y_O a

5 YO-3 5.0 V,_O3

5 YO-4 5.0 Y_%

7 htO 7.5 lfigO

7 YO 7.5 Y_O 3

7 TO 7.5 qh%

Prt.,all oyed 5.0 MgO

HP 5 4.0 ThO_

lIP 6 0.O ThO_

lip 7 ,t. o ThO_

*La and Y instead of Hf, Th, Y.

-72-

Mo _'o

5 9

3 3

2 4

2 5

2 I

3 91

3 91

3.91.

23.0

23.0

.9

t.O

1.0

3.45

t. 5

2.35

6.2

3.9

3,8

,t.2

•t. 0

React ivt, El_men_

Add i t ion

% each ,c:,t tlf, Th, Y

O

O

0

O

O

.25

.25

.25

.25

.25

.15

.25

• 3O

0

0

0

0

.25

.O75"

. C.7 5"
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TABLE 16

HOT PRESSING CONDITIONS AND C,_DIJSLE DESIGN FOR

COMPACTION OF Cr-4Mo-.15(La+Y)-4u/0ThO _ POWDERS

Q

Temperature Pressure Time Vacuum

(°F) (ksi) (hours) (torr)

H.P. #i 2000 I0 2 i0 -s

H.P. #2 2000 I0 2 IO -_

H.P. #3 2000 i0 2 10 -5

H.P. #4 2200 i0 2 + i0-5

+Capsule was soaked at 2200°F/1 hour prior to application of the load.

Mild Steel

Thick End Closure

HPI - HP2

Mild Steel

Thin Sheet End Closure

HP3

Stainless Steel

Thick End Closure

HP4
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TABLE 17

ROLLING PARAMETERS FOR Cr + 4 Mo + .15 (La + Y) + 4 _/o ThOa

AJ.J.,OYS PRODUCED FROM C_,I'_SE FLAKES

Reduction

Sample Rolling in No.

No. Temperature Thickness Passes

°_!_F
Appearance

HPS-5 1000

HP5-4 1700

HP5-2 1800

HP5-7 1800

HP5-8 1800

HP6* 1800

84 3

84 3

83 3

84 3

85 7

85 7

HP7 1800 84 7

* 0_/0 Th%

Very Slight Edge Cracking

Very Slight Edge Cracking

Very Slight Edge Cracking

Fracture in Hast X Rolling

Pack - Cr Sound

Slight Edge Cracking

Delamination-No Sound

Materiat

Slight Edge Cracking
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TABLE 18

TEXTURE OF HOT PRESSED AND HOT ROLLED

Cr-4Mo-.15(La+Y)-4v/0 ThO e SHEET

Rolling Rolling X-ray_Di ffraction Intensity

ISheet/IAsTM StandS ample Number Temperature Reduction

"F _ (110) (200) (211)

HP5 - 0 1.0 2.1 2.2

HP5-5 1600 84 1.0 830 16.4

HP5-4 1700 64 i. 0 21.6 6.6

HP5-4 1700 84 1.0 299 I0.3

HP5-2 1800 83 1.0 1 ,340 19.4

HP5-2 + 1800 83 1.0 ]22 25.0

2600 ° F/. Ohr s/VAt

HP5-8* 1800 84 i. 0 6.7 2.4

* Encapsulated in Hastelloy X Rolling Pack
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TABLE 20

Alloy No.

Pure Cr

2 Mo

2 YO

3 Mo

3 YO

5 Mo-2

+

5 YO-1 T

7 Mo T

7 YO T

7 TO T

Prealloyed T

HP 5 T

HP 6 T

SPECTROGRAPHIC ANALYSIS OF COMPACTED ALLOYS

A1 Ca Cr Cu Fe

T

T

T

T

T

Mg

T Major T- T

T- Major T- T

T Major _- T

T Major T- T

T Major T- T

- Major - T

T Major T 'f

T Major _ T

T Major T- T

T Major 2 T

T- Major T- T-

T Major T T

T Major T T

Mn Mo Ni Si Y

T T

Minor T

T T

Minor T

T T

Minor -

T + T

T T

T T

T

T-

T

T

Minor T T 0

Minor T T 0

Minor T- T Minor

Minor T T 0

Minor T _ Minor

Minor - - T

Minor T T Minor

Minor T T- 0

Minor T T Mirror

T Minor T T T-

T- M,nor T- T q'

T Minor T T T

T Minor T O T

Th Hf

0

0

0

T

T

T- T

T T

0

0 --

Minor -

0

100-10% - Major

10-1% - Minor

1-0% - Trace

T- - Light

4

T - Heavy
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TABLE 21

INTERSTITIAL ANALYSIS OF COMPACTED ALLOYS
, i 1 , l,

_Allo2 Condition C 0 H N S Me Dispersold v o

Bas_ L,,_e Alloy Swaged .0470 .2890 .00@9 .0041 .0080 2.90 0

2 MO l_.pact .280 .421 .0003 .0118 .0090 3.30 2.5 MgO

Fxtruded

2 YO Impact .088 .538 .0018 .0107 .0080 2.40 2.5 Y_O 3

Extruded

3 MO Hot Rolled .081 1.568 .0026 .0110 .0080 2.50 3.5 MgO + 4 ThO_

3 YO Autoclaved .096 1.66 .0025 .0015 .0110 2.10 3.5 Y_O 3 + 4 ThO_

5 YO-1 Extruded .0066 1.55 .... .0029 .... .90 5.0 Y_O 3

5 MO-2* Autoclaved .23 1.53 .... .0040 .... 3.91 5.0 Y_O 3

7 NK) Impact .180 2.09 .0027 .0023 ,0160 4,50 7.5 MgO

Extruded

7 YO Impact .270 2.17 .0030 .0030 .0090 2.35 7.5 Y_O 3

Extruded

7 TO Hot Polled .O190 1.80 .0026 .0033 .... 6.2 7.5 ThO_

Prealloyed Hot Rolled .223 1.54 .0260 .0260 .... 3.90 5.0 MgO

' HP 5 Hot Rolled 040 1.19 .0020 0190 .... 4.2 4,0 ThO=ii • •

HP 6 Rot Rolled .042 .410 .0005 .0038 ..... 3.8 0

*Not Cleaned
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TABLE 22

DENSITY DATA FROM ARGON THERMAL

STABILITY TESTS

2000 ° F 2400 ° F 2600 ° F
I

Alloy <_') Initial (m) l0 Hrs I00 Hrs I0 Hrs 100 Hrs I0 Hrs I00 _:s

Base Line Alloy 7.20 7.26 7.21 6.90 7.07 7.9.1 7.23

2MO 7.02 7.05 7.01 7.11 6.83 7.00 6.82

2YO 7.04 6.79 6.16 6.29 6.58 6.60 -

3MO 6.69 7.35 6.70 6.98 6.98 7.O1 7.06

3YO 7.13 7.21 6.66 6.96 7.12 7.31

7MO 6.84 7.04 6.81 6.60 6.39 6.65 6.(;1

7YO 6.88 6.95 7. 12 6.55 6.50 6.55 6.57

7tO 6.95 8.27 (3) 8.0 (3) 6.33 6.87 (3) 7.76 -

P:eal loyed 7.21 7.12 7.34 6.91 7.26 7.46

'") Alloys processed as shown in Table I0.

= Wright, in air
(2,) Density weight in air - weight in water

15)
']'est accuracy questionable as a result of extremely small sample size.
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TABLE23

2000eF OXIDATION AND NITRIDAT_ON I_TA ON PROCESSED Cr _ALIX)YS
, , . i __ , i=,,, __,

Alloy

Base Line Alloy

2YO

2MO

3YO

3MO

5YO-I

7MO

7YO

TTO

Prealloyed

Weight Oxide Nitrlde Depth Of

Initial Time Gain Thickness l,ayer Hardening

Condition Hours ME/Cm _ Mils Mils Mils

Swaged i0 3.64 .i .2 18

i00 4.20 .45 .2 24

Impact i0 .99 .03 0 0

Extrude I00 .86 .02 0 0

Impact i0 1.89 .05 0 0

Extrude i00 .16 .25 .4 0

Autoclaved i0 .507 Ol 0 0

I00 1.16 .01 0 0

Hot Rolled i0 2,60 .03 0 0

i00 2.87 .05 0 0

Autoclaved I0 2.21 .5 0 0

I00 -3.53 - 0

Impact I0 3.90 .03 0 0

Extrude i00 2.24 .5 0 0

Impact i0 1.92 .03 0 0

Extrude I00 1.03 .08 0 0

Rolled i0 .89 .03 0 0

I00 3.80 .15 0 0

Rolled I0 .14 .02 0 0

i00 .30 .03 0 0
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TABLE 24

2400"F OXIDATION AND NITRIDATION INkTA ON PROCESSED Cr ALLOYS

Base

Alloy

Line Alloy

2MO

2YO

3MO

3YO

7MO

7YO

7TO

Prealloyed

5Y0-1

Weight Oxide Nltr_de

Initial Time Gain Thickness Layer

Condition Hours Mg/C_ Mils Mils

Swaged 10 -14.2 .76 0

I00 16.8 1.1 0

Impact 10 10.2 1.4 0

Extrude 100 48.4 1.2 0

Impact 10 3.4 .76 0

Extrude iO0 1.68 ,5 0

Hot Rolled I0 45 .29 0

100 36.1 11.5 45

Autoclaved I0 i.9 .I 0

i00 24.2 - 0

Impact I0 -18.5 .61 .76

Extrude 100 14.8 5.8 11.4

Impact i0 20 .86 .62

Extrude I00 48.2 17.3 0

Rolled 10 - - -

I00 - - -

Rolled i0 .3 .14 0

I00 - 2.84 - 0

Autoclaved I0 2.36 - 0

I00 -9.45 - 0

Depth Of

Hardening

Mils

All-GB

All

All

12

All

All

All

26

All

20

.76

All

.62

All

All-GB

16
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TABLE 25

2600°F OXIDATION AND N_TS, IDATION _TA ON PROCESSED Cr AT.I_VS

Alloy

Base Line Alloy

2MO

2YO

3MO

3YO

5YO-1

7MO

?YO

7TO

Prealloyed

Weight Oxide Nltrlde Depth Of

Initial Time Gain Thickness Layer Hardening

Condition Hour._s Mg/Cm _- Mils Mils Mils

Swaged I0 -50.2 .48 0
i00 91.0 17 19

Impact I0 -10.3 .67 0

Extruded I00 ..... 22.6 0

Impact 10 -8.7 .38 0

Extruded 100 75.0 ..... b

Hot Rolled i0 45.0 .91

I00 27.0 .....

Autoclaved i0 .48

I00 126 83

i0 109 .....

Impact i0 -30 .57

Extruded I00 121 9.5

Impact I0 3.8

Extruded i00 130 60

Rolled i0

I00

Rolled I0 ..... .67

I00 58.0 Consumed

0

0

0

m_IQ

0

0

0

0

All

All

All

All

All

All

All

AII-GB

All

All
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TABLE 26

HARDNESS DATA ON PROCESSED ALLOYS

Alloy

Base Line Alloy

2MO

2":0

3MO

3YO

Knoop Ha_rdness

Initial Center

Condition Air Ar_on Air

,Edge

Ar_on,

As Compacted 337

2000°F/10 hrs 273 271 860

2000°F/lO0 hrs 360 278 1009

2400°F/10 hrs 276 263 276

2400°F/I00 hrs 391 306 816

2600°F/I0 hrs 833 255 1063

2600°F/!00 hrs 740 229 740

342

As Compacted 337

2003°F/10 hrs 295 315 282

2000°F/lO0 hrs 336 324 360

2400°F/10 hrs 254 254 747

2400°F/I00 hrs 259 255 638

2600°F/10 hrs 513 253 I163

2600°F/I00 hrs 1273 191 1273

479

As Compacted
2000"F/IO hrs 219

2000°F/IO0 hrs 172

2,100°F/lO hrs 296

2400°F/I00 hrs 317

2600eF/lO hrs 175

2600eF/100 hrs -.

As Compacted

2000°F/IO hrs 315

2OO0°F/IO0 hrs 370

2400"F/I0 hrs 317

2400°F/I00 brs 261

2600eF/lO hrs 996

2600°F/IOC hrs Consumed

As Compacted

2000°F/IO hrs 326

2000eF/100 hrs 276

2400eF/10 hrs 289

2400°F/I00 hrs 251

2600eF/10 hrs 326

2600eF/100 hrs 1270

337

189 168

130 172

134 296

226 740

!37 i163

188

317

399 419

273 370

310 1163

254 1003

231 996

290 Consumed

305

272 326

314 276

277 289

256 379

261 925

-- 1270

36I

328

305
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TABLE 26 (CONT'D)

HARDNESS DATA ON PROCESSED.ALLOYS

i

I

I

7YO

7TO

Prealloy_

Initial

Condition

Knoop Hardness

Center Edge

Air Ar_on ....Air Ar_on

As Compacted 286 299
2000°F/lO 311 298 260

2000°F/lO0 246 190 246

2400°F/10 262 261 262

2400°F7100 309 158 309

26DO°F/lO 243 215 876

2£00°F/I00 1076 231 1076

AS Compacted 369 367

2000°F/10 264 256 266

2000°F/lO0 248 188 248

2400°F/10 236 208 566

2400°F/100 212 160 1063

2600°F/1G 1091 210 1091

2600°F/i00 1132 215 1132

As Compacted 367 367

2000°F/10 312 348 303

2000°F/lO0 354 303 379

2400°F/10 - - _

2400°F/I00 - 333 -

2600"F/I0 - 329 -

2600"F/100 - - -

AS Compacted 333 333

2000°F/10 263 241 373

2000°F/lO0 315 253 300

2400°F/I0 305 249 816

2400"F/I00 252 231 816

2600"F/I0 277 230 989

2600"F/I00 Consumed - Consumed
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TABLE 27

UPPER AND LOWER YIELD STRENGTH OF Cr-2.4%Mo-2.5v/oy_oa At

INTERMEDIATE TEMPERATURES

Spec. No.

2YO- l

2y0-2

2Y0-3

2YO- 4

2Y0-5

2yo-6

2YO- 7

Initial Condition

As extruded

As extruded

Extruded +

2400°F/2 hr/vac Anneal

Extruded +

2400°F/2 hr/vac Anneal

Extruded +

2400°F/2 hr/vac Anneal

Extruded +

2400°F/2 hr/vac Anneal

Extruded ÷

2400°F/2 hr vac Annea).

One-Half Hour Test

Aging Temp. UYS LYS Temp

6F Ks£ Ks£ °F

None 53.2 47.3 800

700 58.3 Frac:ture 700

None 43.5 36.] 800

700 51.5 50.7 700

600 54.8 53.0 600

500 55.9 55.2 500

400 58.1 Fracture 400
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TABLE 28

TENSILE PROPERTIES OF PROCESSED ALLOYS

5

Sample

No.

2 YO

2 YO

2 YO

2 YO

2 YO

2 YO

2 YO

2 _0

2 MO

5 YO-I

5 YO-I

5 YO-I

5 YO-I

5 YO-I

5 YO-I

5 YO-1

5 YO-I

5 YO-I

5 YO-I

5 YO-2

Composition

Cr -2.5V/o-Y_ 03 -2.4Mo-OREA

_t vv vl it

tf t_ *t t!

tt tt v! p!

tt ;! v! _f

Pt rt f¢ f_

Cr-2.5MgO-3.3_o-OREA

C r- 5V/o -Ya 03 -1Mo-0.15REA

tt It t! t!

t! t! tt tt

t_ t_ it tt

tt tt tt t_

_! tt tt t_

tt t_ tt tl

y_ pt tt _f

Cr-5V/o-Y% 03 -IMo-O. 25REA

Yield Elong.

Temp UTS Str. Tota]

('F.__! (ksi___!

800 (1) 53.2 -

700 58.3 - 4.7

800 (i) 43.5 -

700 (!) 51.5 -

600 (I) 54.8 -

500 (1) 55.9 -

400 58.1 - 8.8

1900 16.82 - 11.8

1900 20. i - 2.0

800 (i) 85.1 -

700 ( 1) 89.7 -

600 90.5 - 2.6

600 (1) 87.0 -

500 (i) 91.5 -

400 (1) 94.5 -

300 (i) 97 5

200 (i) iOl.3 -

R.T. 98.5 - 5

2000 2.2 - 45.5

2000 5.76 - 25.8

(i) Not tested to failure.
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TABLE 29

TENSILE PROPERTIES OF THORIATED Cr SHEET PRODUCED

FROM COARSE PREALLOYED POWDERS

Spec

No.

HP5-8

}IP 5-8

tlP 5-8

HP5-8

Test Temp .2YS UTS Elong RA

('F) (ksi) (ksi) (%) (%___)

800 - > 73.4 Failed in Upper" Tab

1900 - > 27.5 Failed in Lower Tab

2100 75.8 81.3 2.3 2.8

2400 - > 24.9 Failed in Upper Tab

TABLE 30

STRESS RUPTURE PROPERTIES OF THORIATED Cr ALLOY SleET

PRODUCED FROM COARSE PREAiJuOYED POWDERS

Rupture

Sample Temperature Stress Time Elong _A

No (, F) (ks i) (hour s) (%) (%)

HP5-8-5 2100 2.5 .01 10.2 4.9

HP5-7-2 1900 15.0 .25 8.8 6.3

HP5-7-3 (I) 1900 15.0 .06 - -

(1)Heat Treated - Rapid Heat up to 1900°F

1900*F- 2600°F @ 50*F/hr - Furnace Cool
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TABLE 31

BEND TEST DATA FOR DISPERSION STRE"GTH_ED

ALLOYS PRODUCED FROM COARSE FLAKES

[Cr-4Mo-. 15 (La+¥) -4V/oThO_ ]

Test Temp

Spec No (°F) Bend Ratio (i)

Bending (2)

Yield Strength

(ksi)

Fracture

Bend

Angle

(degrees)

HP5-8-3 800

HP5-7-5 1000

HP5-7-4 1000

4.57 148 .2

3.48 115.3 9.5

3.41 119 5.5

b

(I) Bend Ratio =

Ram Radius

Specimen Thickness

(2) Test conducted with a .05 ipm ram speed and a 1.5" span.
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FIGURE 7 Photomicrographs of Prealloyed Powders Showing Particle

Size and Shape at Three Different Ball Milling Times.

A) ileat No. i After 300 Hours Ball Milling Time - 500×

B) Heat No. 1 After 540 Hour_; Ball Milling Time - 500×
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F IGURI_ 17 Gas Pressure Bonding Capsules Containing Elemental Powders

Before and After Autoclaving at 2000°F/2 hours/8 ksi He

C65121644
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F IGURE 19 Extru:._ion Capsule._ It)r Direct ExtrusJc)n of Submlcron powders (Top)

And f_)r Extru,.ion ()I Gas Pres._1)'(_ Bonded Compacts (Bottom)
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2¼o 2Yo 7Mo 7_o

--_ O---

C67022103 !

FIGURE 21 Cr Alloy Impact Extruslonshfter Removal Of Mo Extrusion

Jac ket s.

!
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FIGURE 22 Sectioning of Hot Press Compact tLPS. Hot Pressed at

2200°F/2 hrs/Vac from PrealIoyed Flake Shaped Powders

(Cr_4Mo- !5(La+¥)-4ThO 2) Small Pieces Were Used to

Investigate RollJ.ng Parameters

C68091748
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FIGU}_ 23 As-Pressed HP5 in Hastelloy X Rolling Packs Ready

For I{oll ing.

C68092621
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A) 2400°F/10 Hrs/Argon

N2381

N2075

B) 24ooOF/100 Hrs/Argon

FIGURE 24. Oxide Instability In 3YO Alloy After Exposure At 2400OF/Argon.

1, O00X

113

I



A

";" "":7
• II

h +"

• , , ..T_.,_ +. .e _. . ,

• _ , It4

+ _" ,'I" _* .. ," v+ _'_''.
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L4454 L4457

C D

L4459 L4463

FIGURE 25 Cr - 3 Mo - 5 V/o MKO - 0.25 each Hf, Y, Th Alloy

Compacted at 2000°F/2 Hours/lO ksi He after one

Hour Vacuum Exposure at:

A - 2000°F B - 2290°F C - 2400_F D - 2600°F

I000×
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(a)

(b)

i000×

lO00X

FIGURE 26 Dispersoid Stability of Chromium Alloy 5YO-4

Alloy Containing 60 ppm C and 1.3% Excess Oxygen.

(a) As-Compacted. (b) As-Compacted + 2600°F/1 hr/vac.
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A

FIGURE 27 Cr - 3 Mo - 5 V/o MgO - 0.25 each Hf, Y, Th Alloy _5MO-1)

Prepared by Ball Milltng Elemental Powders 100 Hours

And Subsequent 1900_F/3 hour/10 ksi He Autoclaving

A - 1000× Unetched

B - Electron Mierograph - Electrolytic Etch - 10,000×

C65121642
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A) As Compacted
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B) Early Stages Of Instability

S d At • •

,_ . .,._.:... _
• It Ip .

C) Late Stages Of Inst,_&ility

FIGURE 28 Schematic Illustration Of Progress1¢e Stages Of Dispersoid

Instabilities.
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Figure 29 Elect,'on Photomic_'egraph of CI" * 5 V/o Y203 Powder Ball

Milled 207 Hours - Cold Pressed _,nd Sintered at 2350°F/

8 hrs/vac.

IO, 000_, ,_3gni f its t i¢,n. Unetched.

I18
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A - ZOOX Unetched

P7978

B - Edge of (A) Unetched

i O00X
P7980
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e,

o

o

o

a
Q

9
.8

*0 •

o

C - Center of (A)

Unetched IO00X

Q

Q

q

P7979

Extraction Replica - Center of (A)

5000X Mag,
II-67-7

FIGURE 30 Micros!rucltlre of Hot R¢)lled Sheet Produced from Coarse Prc:ttloyed Fkake

Blends (HP5-8} after Thermal Exposure of 2600°F/10 hrs.
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Unetched
IO,O00X Mag,

P8046

Extraction Replica
5000X Mag

H67-9

FIGURE 31 - As-Rollea Alloy HP5-8 Prior to Exposure (Fig. 30)

to 2600°F/10 hrs./v_tc.
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FIGURE 32 Ilectron Microprobe X-F._y Emlsslon for Molybdenum Analysis In Two

Sale.-ted, As-Compacted Elemental Powders. Analysis

Performed a_ 30 EV, 3.5 me, and a Scanning Rate of 95 ml¢l_ons

per Hlnute With a One Micron Diameter Beam.

A - Cr - @3 l_o - 5 V/o MgO - 0.25 each Hf, Y, Th. Compacted

At @O00°F/@ hours/lO Ksl He _23-2)

B - Cr - 4 Me - 5 V/o MgO - 0.25 each Rf, Y, Th. Compacted

At @000"F/9. hours/10 ksl He (?,'_-£)

C65121651
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FIGURE 33 Decrease in Density of Cr - 3 Mo - 5 V/o MgO - .25 es

Hf, Y, Th (5MO-2) Alloy Autocl_ved at 2400_F/2 hr/lO ksi

And Annealed One Hour in Vacuum at Varying Temperature

C65121634
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A)

N2272

Oxide layer of 2MO after 2000°F/100/air

exposure. 100X Mag.

I

I

I

FIGURE 34

B)

N2393

Internal interface beneath oxide layer

showing evidence of Cr vaporization in

2Yo alloy. IO00X Mag.

Appearance Of The Oxide/Metal Interface Area Of 2MO Alloy
After 2000*F Air Oxidation.



FIGURE 35 Oxidized Surface Of A Cr, 1 Mo, 5v_ ¢_Y_O3,

At 200OFF/10 Hrs. 15X Mag. Alloy 5YO-[

12,1

6607270I

15RE:_ After Air Oxidation



i_' ,_

FIGURE 36 Oxidized _urfaee Of Cr, I Mo, 5v/oyaoa, .15RF_ After Air Ex_)sur_
At 2000°F/i00 Hrs. 15X _g Alloy 5YO-I
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A - HP6-(O :oThO. )H,)L !:,:_ I,_i

2200°t:/1 hr,

[il'.5-(-tV/oThO ) As-Pressed +
a

:!20 F/I hr.

9205

FIGURE 37
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2Y0-2 2Y0-6

i,_,i,l,l,i,l,i,,l,_,i,_,l,i,l,_i [INCXlZS

C67022722

2M0-5

FIGUR 38 Button Head Tensile Specimen Used For Mechanical Testing.

Double Reduced Specimens Were Used For Ductile To Brittle

Transition Testing.
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60

50

• - 2¥O As-Extruded

- 2YO As-Extruded 4
2400 °F/1 hr/vac

- 2MO As-Extruded

I

tn
_n
a)

40

30

2O

lO

1000

Temperature _ o F

2000

F IGURE 39 Yield Strength of 2YO Alloys as n Functi_m of

Tempera ture.
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lO1 KS1

87 KSI

FIGURE 41

EXTENSION

Instron Chert Tracings Showing Lomd Versus Extension

(Time) For the DBTT of (SYO-I).

Esch Extenslon Cycle Corresponds to 1% ¢.

- 1 ']o-
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58.1 ksi

36.1 ksl

figURE 42

EXTI_NS ION

Instrotl Chs, t Tracitigs Showing Load Versu,_ Extension

(Time) for the DBTT ,,[ _lloy 2YO. Each Extensi.)tl

Cycle Corres_)¢)nds t_, I% ¢..
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2X C6606£60I

(b)

IOX C66062802

(c)

FIGURE 43
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F "040

FIGURE 44 Mechanical Test Specimen Used for Tensile, Stress Rupture mid DBTT

Testing of Oxide Dispersion Strengthened Cr Alloys Processed from

Coarse Prealloyed Powder Blends.
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A
9194

B 9199

I

I

I

I

I

FIGURE 45 - Laue Transmission Photos of: (A) 2100°F/81 ksl

Tensile Sample; (B) 2100°F/2.5 ksi/.01 hl'.

Rupture Sample. Taken near the Fracture after

Testing. MoK¢_ Radiation.
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A

• t 2 o •

2100°F/81.3 ksi/Tensile

OMJ95_0

B

2100°F/2.5 ksi/.O1 hr Stress Rupture

0MJ9779

FIGURE 46 Micr,,_tt'uctura] Appearance ol Hot Rolled Cr-,LMo-.15(La_Y)-4V/oThO_

Fracture_. A - 2100°F/81.3 ksi UTS Tensile Fracture; B - 2100°F/_

2.5 _si .01 h," Stress Rupture _:pecimen. Unetclled 500X Mag.
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APPENDIX I

('AI£ULATEI) CONCENTRATION OF CARBON CONTENT NECESSARY FOR MONOIAYE,'{

AI)SGRIYrlON OI,' C ON FLAKE-SHAPED CF POWDERS.

ASSUMPT IONS :

GIVEN:

1. All exposed surfaces are (OO1)

2. C is adsorbed in the ratio of 1 carbon atom/Cr

surface atom

1. Flake surface area i_ 9.0 ._/g Cr

2. I,attice parameter Cr -- 2.88 A

CAI£UIATION: Find weight percent carbon necessary lor monolaw,r

ads()rption ol' C o_ above Cr flakes.

No. ot adsorption sites =

= 9.0

- l()

(2.88 _ 10

Specific Surface Area

Area of Adsorption Site

= 1. 1 X 10 _° sitc, s

)_ g Cr

_eight fraction C

-- 1, I × 10 _°

6,02 x I0 _a

An Ads_rbed Monolayer

x 2 x 10 K (:

• 2 w/o ('

Cr

-136 -
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APPENDIX II

QUANT ITAT IVE METALLOGRAPHY

Target dispersold parameter goals in this program were as follows:

1) As processed material (after consolidation and working)

Dlspersotd Particle Size: 95% of the total number of

particles to have a median particle size of less than

.05 microns with a maximum size of .i microns° The

remaining 5% of the particles to be less than 0.2 microns.

Dlspersoid IPS: less than 1.5 microns.

2) As worked + 2600°F/I0 hours

Dispersoid Particle Size: 95% of the TbO 2 particles

less than .i microns and no particles greater than

.2 microns.

In this report, all IPS values were determined by lineal analysis of

plane metallographic sections. In those samples in which severe

dispersold agglomeration was observed, the samples were viewed by

electron microscopy but particle size estimates and IPS determinations

were conducted at IO00X because of the extremely large oxide sizes.

In the alloys which exhibited fine dispersions, all quantitative

metallographlc analysis was conducted at magnifications of IO,O00X

or higher.

Interpartlcle spacing was determined from the following equation:

l-f

IPS =

(f= volume fraction of oxide and N L = the number of particles

intersected by a randomly place llne of Uhl length).

+

This relationship is independent of particle shape or size distribution .

Further, it is easily measured by lineal analysis. The particle

size criterion is more difficult however, because it is stated o._ a

particle size distribution. Size distribution analysis of nonuniform

size spheres in a metal matrix cnnnot be done by lineal analys[_: of

planar surface. This measurement is most readily handled by size

R. L. Fulman, J. Metals, March, 1953, p 447
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measurement of the extracted oxides. Of all the alloys produced,

only alloy HP5 was sufficiently fine to warrant the additional

effort necessary to determine the particle size distribution analysis

Cn electron extraction replicas such as those in Figures 30 and 31 of

the text.

The statistical evaluation of these extracted oxides was done us£ng

a Zeiss (Model TG2-3) particle size analyzer. The analyzer is

semi-automatic device in which the eye and judgement of the operator

participate in the measuylng process. The measurement of the particles

by means _f the particle size analyzer is relatively simple. Light is

projected through the iris diaphragm, which is then imaged on a glass

plate. An enlarged electron micrograph is placed on the plate over

the illuminated spot. The area of the iris diaphragm is adjusted to

coincide with the area of theparticle to be measured. In the case of

irregularly shaped particles, the iris is so adjusted that a reasonable

estimate of the area of the particle is obtained. Depressing a foot

switch activates the appropriate counter thereby recording the particle

in its proper size class. Simultaneously a puncher marks the particles

as a reminder that the particle has been measured. The data are

recorded on the 48 size-class interval counters. The data is then

reported as cumulative percent versus particle size. The requirement

of 95% less than .05 or .1 microns is thus easily ascertained using

this procedure.

As may be seen in Table A, the best dispersion produced in this program

(Alloy HP5-8) did not meet the parsaleter goals. In the as-rolled condition,

the median diameter is .07 rather than .05 and the largest particles

( _ 2.5 microns) are an order of magnitude above the designated amximum

particle size. The alloy exposed at 2600°F for 10 hours, failed the

maximum particle size goal also. The dispersold was quite stable,

however, and median particle size increased only from .07 to .08 microns.

-138-
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TABLE A

Particle Size Analysis of Cr-4Mo-.15(La+Y)-4V/.ThO2

Alloy From Extraction Replicas at i0,000 Mag.

(HP5-8)

Particle

(Diameter)

d

(Microns)

Percentages of Particles

less than d

(Cumulative Percent)

As

Rolled

(HP5-8)

As Rolled +

2600°F/10 hours

(HP5-8)

.03

.05

.07

.09

.II

.13

.15

.17

.19

.21

.23

.25

.29

.39

.49

.59

2.5

.4

19.9

49.8

74.8

88.2

91.5

94.2

95.6

96.5

97.4

98.2

98.7

99.3

99.6

99.6

i00

.6

2.6

37.3

60.0

86.3

93.5

95.5

96.8

97.5

98.7

1 O0

I

I

!
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